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A LANGUAGE USE APPROACH TO HUMAN-COMPUTER INTERACTION

1. INTRODUCTION
1.1 UserComputer Communication

Usersregularly facethe challengeof gettinga computerto do whatthey wantit to do. This canmeanarything
from having to locatean obscureprogramfeature to wrestlingwith an elaborateseriesof interactionsto simply not
knowing whatto do next. Althoughit is truethatsuchproblemsoftenarisein partfrom alack of attentionto various
humanfactorsandusability principlesin a programs design,the fact remainsthateven the bestuserinterfaceshave
fundamentashortcomingghataredirectly relatedto thelimits of theirabilitiesto communicatevell with usersin the
sensehat peoplearegenerallyableto communicatevell with eachother(cf. Norman,1992,ch. 11). For instance,
programsarerarely designedo actively anticipatetheir users’varying concernspr to monitor and recognizewhat
their usersare doing or aretrying to do. Nor arethey routinely able to summarizean activity, muchlessto keep
trackof it in a meaningfulway in orderto verify ausers understandin@f onepartor another Evenwith the benefit
of carefully designedaids, suchas usermanualsand online help (e.g., Shneiderman1998 and Sellenand Nicol,
1990),usersin situ very oftenfind they areon their own whenit comesto puzzlingout a programs moreelaborate
featuresandabilities, or whenthey mustgrapplewith a new or difficult task. In comple or mission-criticalsystems,
aprograms communicatie shortcomingsnayvery well be oneof its mostcrucial deficiencies.

Neverthelesaisersand computergdo form a true communicatie partnershifpecausénteractionsbetweenthem
rely on an exchangeof information. Human-computemteractionamountsto a languagein which, at a minimum,
computersretold whatthey areto doandusersexpectto betold whatthecomputehasdone (in fact,muchmorethan
justthis occurs). Considerthat the characteristiactivity peopleand computersengagen is information processing
(SimonandKaplan,1989). Indeed,computersareremarkableor the breadthof interactvity they cansupportand
the fact that their processings fundamentallycomputationalasopposedo mechanistic.More importantlythough,
computerslike people,areableto maintainflexible representationsf knowledge,andthis setsthemapartfrom all
othercomplex devicesof humandesign(cf. Kay, 1984).

How then are the communicatie shortcomingsf userinterfacesto be improved? As the power of computer
systemdhasgrown, therehasbeena suige of interestin approacheso this problem.It has,for instancepeenwidely
pointedout thatcommunicatiorbetweemeopleis regularly supportedy actionsoccurringin nonlinguistc channels,
andthattherearemary potentialadvantagego exploiting suchmodesof expressionn human-computeinteractions
(e.g.,SullivanandTyler, 1991;Laurel,1990;andMaybury, 1993). Whatis mostimportantthoughis not themedium
of interaction—naturalanguagegraphicaldisplay etc.—hut the natureof the informationprocessinghat supports
the contentof interactionslt is hardlynecessarfor peopleandcomputergo literally speakio eachother, but it would
beasignificantstepforwardfor userinterfaceso beableto rememberreasorabout,andrespondo interactionanuch
asapersonwould.

Hencethis reportproposeshatalargepartof theanswelties directlyin our understandingf how peoplecommu-
nicatewith eachotherandwhatit is thatthey dowhenthey uselanguageln his 1996book, UsinglanguageHerbert
Clark (1996b)makesa compellingargumentfor the claim that“languageuseis really aform of joint action” In joint

*Theworking definitionof thehuman-computeinteractiorresearchyroupatthe U.S.Naval Researcliaboratoryreads;[Human-computein-
teraction]canbeviewedasthebi-directionalcommunicatiorof informationbetweertwo powerfulinformationprocessorspeopleandcomputers.
(http://elazaitd.nrl.navy.mil)

ManuscriptapprovedVay 17,2000



2 DerekBrock

actions,peoplecoordinatewith eachotherto accomplishsharedpurposeghat are part of their broaderendsin joint

activities In particular all joint actiities advancethroughthe accumulatiorof commorground—the knowledge be-

liefs, andsuppositionshatpeoplebring to, keeptrackof, andshareaboutanactivity. Clark'sthesissetsoutacoherent
theoreticalframavork for understandingnuch of what communicatre actsinvolve, andin the work presentedhere,
human-computenteractionis approachedotasadevice useproblem(Norman,1986)but asatypeof bonafide joint

actiity in which humansandcomputersareviewedasthe participants.

This report's title, “A LanguageUse Approachto Human-Computeinteraction, is chosento corvey, in the
broadesisensewhat entersinto ary form of joint actiity. Clark describegoint activities asa basiccateory that
encompassedll participatorycircumstances which conventionallanguageplaysarole. More to thepoint, henotes,
“If we takelanguageuseto includesuchcommunicatie actsaseye gaze,iconic gesturespointing, smiles,andhead
nods—andve must—therall joint activities rely on languagause” (Clark, 1996b,p. 58). For Clark, languagen its
linguistic senseis simply one of mary possiblesignalingsystemssomehighly organizedandothersspontaneously
improvised. Theinsightis that coordinationin all purposefuljoint actiities requiressomeform of signaling. And
indeed muchof whatconstituteghe public characteof human-computenteractionis merelya setof signalsderived
from actsof pointingandclicking, typedcommandgnteredhrougha keyboard,andprocesseéhformationdisplayed
onascreen.

But whatdoesit really meanto takealanguageaiseapproactio human-computenteractionWhatdistinguishes
joint actiities from otherende&ors is commonground. Evidenceof it is presentin everything peopledesignto
be usedby othersandin everything peopledo together What is being proposedby sayingthat human-computer
interactioncanbe viewedasatype of joint actiity is thatthe computerasaninformationprocessinggeng is to be
takenseriouslyin its role asa communicantWell designedapplicationuserinterfacesexhibit their commonground
with usersthroughtheir use of metaphor consisteng, affordances,and so on (e.g., Erickson, 1990; Tognazzini,
1990;andNorman,1988). In addition, they shouldbe designedo supporttheir commongroundwith users.People
accumulateand maintaincommongroundso thatthey have a means—danguage—forcoordinatingandadwvancing
their activities with others. Ideally, it shouldbe no differentin the designof human-computeinteraction. To the
extentthatit is possibleor practical the basisof joint activities betweerhumansandcomputershouldbe designedo
resembleour understandingf the basisof joint actiities betweemeople.

Commongroundis both knowledgeandprocess As a knowledgebasisfor the designof conventionaluserinter-
faces,adeterminatiorof usercomputercommongroundshouldinfluenceall facetsof the displayandtheinteraction
design. The designerthroughan analysisof the taskdomainasa joint actwity, shouldthink in termsof whatevery
componenbf the userinterfacewill communicatéo the user andseekto anticipatenformationthe userwill needto
coordinatehetaskactivity with thecomputer(cf. Norman,1992,ch. 17). Usercentereddesignapproache@Norman,
1986)strive for a similar result,but notthrougha principledinterrogatoryframework basedn the notionof common
ground.Menus,dialoguesentrypoints,helpmessagesndsoon, all sene ascoordinatiordevices—asalanguage—
offered by the userinterfacefor carrying out the joint activity of the task. When consideredn termsof common
ground the shortcomingsndstrengthof the designof thesecomponentsremoreclearly revealedandunderstood.

Commongroundalso hasclear processmplicationsfor userinterfaces. As joint actiities progress,common
groundaccumulates—adeastin usersit does. Remarkablyit alsoaccumulatesn ordinary programsto somede-
gree,but seldomin waysthatresembldts characteristicin people.In people,commongrounddevelopsentirelyin
cognition,whereasn corventionaluserinterfacesjt accumulateshroughwhatareat bestad hoc and often obscure
processesuchaspreferenceszhangesn the display and/orhistory andundomechanismsldeally, usersshouldbe
ableto conferwith a programat ary time andget responseshat are perceptve andrelevant. What userinterfaces
needare additionalmechanismshat sene this function, whoserole is to interpretandfacilitate whatis goingonin
thejoint activity in waysthathase meaningfor the user

Interfacedncorporatingsuchmechanismsare,in fact, alreadybeginningto appearnotonly in researchaborato-
ries (e.g.,Rich and Sidner 1998),but alsoin commercialproducts(e.g.,Horvitz et al., 1998). The role of common
groundis sointuitiveandfundamentain interactive actiitiesthatit is alwayspresenin oneform or anotheywhether
or notit hasbeenfully recognizedor accountedor in a design. In this view, so called“intelligent userinterfaces”
areinterfacesthat take the computers potentialrole in task actvities seriouslyenoughto have beencraftedto go



A Language Use Approach to Human-Computer Interaction 3

significantly beyond conventional reflexive or stimulus-response designs. By employing computational mechanisms
that make context sensitive inferences or that recognize patterns of behavior, and so on, these interfaces accumulate
and use aspects of common ground in ways that users presumably recognize as being more consistent with their own
internal representations of activities.

Nevertheless, it is the process component of common ground in user interfaces that is least understood and often
least appreciated, and at present, there are only a few candidate mechanisms for its implementation. In this report, the
problem is examined through the computational paradigm of cognitive modeling, the presumption being that a theory
of human cognition is relevant to a theory of language use between people. Although there are practical strengths and
weaknesses to this particular computational strategy, it does provide clear evidence that a language use approach to
human-computer interaction is merited.

1.2 Guide to the Report

The work presented here draws in multidisciplinary fashion from three different fields that are themselves multi-
disciplinary—human-computer interaction, processes in language use, and cognitive science. It hardly needs saying
that the challenges faced in each of these areas of inquiry are substantial, and that in each there is still much that is
as much art as science. As a student and a researcher, my introduction to cognitive modeling and various results in
cognitive science led to my interest in cognitively augmented user interfaces. My subsequent introduction to Clark’s
body of work provided a coherent framework—a language—for crystallizing these ideas and characterizing the issues.

This report has two substantive goals. The first, as background, is to provide an introductory review of Clark’s
theowy of langua@ use as joint action choosirg for emphass materid tha isrelevart to the natue of human-computer
interaction.Someof the implicationsof Clark’s work in the contextof userinterfacesare briefly examinedaspart
of this review. All of this material is presented in Section 2. The second goal, presented in Section 3, is to describe
a cognitive modeling approach to the active representation of common ground called “task model tracing.” In task
model tracing, a computational theory of human cognition known as “ACT-R” (Anderson and Lebiere, 1998) is used
by an application user interface as the basis for simulating the accumulation and use of elements of user-computer
common ground in the joint activity of a portion of the application’s task. Section 4 of the report presents a high-level
summary review and a description of future work.

2. CLARK'S CHARACTERIZATION OF LANGUAGE USE
2.1 Introduction

In his monograptUsing languag€1996b), Herbert Clark gives a persuasive account of language use as a form
of joint action—what emerges when people coordinate their individual actions with others. Coordination requires
communicative acts to come into play, and this leads to notiorwfmon groundmeaning and understanding
levels of actionand to the essence of what language itselignaling People do things together, and yet they act as
individuals. Ultimately in the study of language use, the notion of joint actions cannot be separated from the individual
actions that comprise them.

This section presents a summary introduction to Clark’s notions about the nature of language use as background
material that is intended to motivate the modeling work presented in Section 3. With the exception of Section 2.7, all
of the material in this part of the report (i.e., Section 2) has been drawn from Clark (1996b). Aspects of the theory
that are deemed relevant to the nature of human-computer interaction have been emphasised, although this has not
been generally noted in context to preserve the clarity of the exposition. The presentation is greater than should be
necessary to apprehend the immediate goals of the task model tracing effort, but its length is merited by the richness
of the theory, and the belief that the additional material will be useful in subsequent modeling and/or design efforts.

2.2 Overview of Language Use

Clark begins by remarking that “Language is used for doing things.” And it is. It is used to carry out what people
do together, when they are with each other and when they are apart. It is used to do anything that has a social purpose.
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In doingthingstogether peopleparticipatein a specialkind of actiity, a joint action. Jointactionsoccurwhenever
individualschooseto actin someform of coordinationwith eachother, regardlessof the detailsor the circumstance.
Justastwo peoplewaltzing or shakinghandsconstitutejoint actions,so do the activities thatemege whenpeople
corresponar simply corverse.

Activities involving languageuseoccurin a wide rangeof spokenandwritten settings,or somemix of the two.
Settingscanbe characterizeth variousways,aspersonalfictional, mediatedandsoon, but the mostbasicsettingof
languagauseis alwaysface-to-facecorversation Nonbasicsettingsack oneor moreof the naturalfeaturesof face-
to-facecorversationrelatedto immediay, medium,or controlthatarelistedin Table1l. Whenary of thesefeatures
aremissing,peoplearealwaysforcedto resortto usingdifferentskills andprocedureto accommodatéheir absence.

Tablel — Feature®f Face-to-laceCorversations

Features related to immediacy:

1 Copresence The participants share the same physical environment.

2 Visibility The participants can see each other.

3 Audibility The participants can hear each other.

4 Instantaneity The participants perceive each other’s actions at no perceptible delay.
Features related to medium:

5 Evanescence The medium is evanescent—it fades quickly.

6 Recordlessness The participants’ actions leave no record or artifact.

7  Simultaneity The participants can produce and receive at once and simultaneously.
Features related to control:

8 Extemporaneity The participants formulate and execute their actions extemporaneously, in real

time.

9 Self-determination  The participants determine for themselves what actions to take when.

10 Self-expression The participants take actions as themselves.

Reprinted (with modifications) from Clark, Using language, pp. 9-10, © 1996 Cambridge University Press

In ary settingwherelanguagés used peoplevariouslyassumeherolesof speakerandaddresseg Othersmay
be presentput not asaddresseesr participants.Speakerintendfor their addresseet® understanédnaddresandto
acton thatunderstandingThey know further thatthis dependsntirely on addresseetmking a numberof actionson
their own. Addressee&now they have to listen,watch,andotherwiseattendwhenthey arebeingaddressedandthat
they musttry to makesenseof this informationandunderstandt. In managingo coordinateall of theseactionswith
respecto eachother whatemegesis botha joint actionand auseof language.

Jointactionsare, by definition, socialactions,andsocialactionscannotbe coordinatedvithout a basisof shared
knowledge—commorground. Whenlanguagecomesinto play, not only is the actionitself coordinatedput so also
arethe notionsof speakers meaningand addressees understanding Speakergorvey meaningwith signals—ary
conspicuousictiondeliberatelyperformedor others—theilmddressees—identify. Speakerslevisetheir signalsout
of whatthey believe is commonground,intendingthattheir referenceso it will berecognizedy theiraddresseesn
thisway, meaningandunderstandingrise.

Languageusealsohaslayersof action. All of thejoint actionsthatspeakerandaddresseesarryoutasthemseles
takeplacein the primary layer, whereasactionswith meaningthat transcendshe participants'literal circumstances
occurin a secondarylayer or higher This notion of layering accountsfor the creationof corversationalroles for
personsiot presentandsimilarly for removesin time and/orplace.

*A terminologicalnote: Much of whatis ordinarily called“language”is inescapablyinguistic in characterandClark frequentlyusedinguistic
examplesandthe term speaketto illustratea point. Neverthelesshe notesthat,“At leastin the notion of ‘languageuse’, [languagejmustinclude
every methodby which onepersormeansomethingor anothe’ Hence by speakerheintends,morebroadly, thenotionof signaleror presenter
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A distinguishingcharacteristiof the actionsindividualstakein joint actionsis their participatory asopposedo
autonomousature.Participatoryactionsnherentlymakereferenceo theactionsof otherparticipants Theindividual
actionsthemselesmaybe,andoftenare,very differentfrom eachother, but they neverthelessack full autonomy

The joint actionsthat resultwhen speakersand addresseesselanguageasthemselesin the primary layer of
actionarenot just atomicevents. Instead they arewhat emege from a procesghatis madeup of levelsof tightly
paired,subsidiaryjoint actions. Soundsmustbe vocalizedandheard,utterancesnustbe formulatedandidentified,
andmeaningmustbeintendedandunderstoodComponenjoint actionsbuild uponeachother andeachhasaspecific
role thatis essentialn the overall procesf languageuse. In nonbasicsettings theselevels of joint actioncanand
do becomedecoupled.Thejoint actionin which speakes meaningandaddresses’understandingrise,though,is
privileged—itis whatdefinedanguageuse.

Comingfull circle,afurthercharacteristiof languageuseis a productof thefact thatlanguages usedfor doing
things. Deliberateactionshave consequencethat are both intendedandalso unintended.When consequenceare
intended the productis saidto be anticipated whenthey arenot, the productis saidto be emegent Many of the
regularitiesof languageuseemege unanticipatecand unintended.In Table 2, six propositionssummarizeClark’s
working assumptionn this overview of languageause.

Table2 — Six PropositionsaaboutLanguagdJse

Proposition 1.  Language fundamentally is used for social purposes.

Proposition 2. Language use is a species of joint action.

Proposition 3. Language use always involves speaker’'s meaning and addressee’s understanding.
Proposition 4.  The basic setting for language use is face-to-face conversation.

Proposition 5. Language use often has more than one layer of activity.

Proposition 6.  The study of language use is both a cognitive and a social science.

Reprinted (with modifications) from Clark, Using language, pp. 23-24, (©1996 Cambridge University Press

2.3 Doing Things Together—Joint Activities

Languageusein joint actvitiesis secondaryo theactvity itself; it is ameango anend,anemegentproduct,not
whattheactuity is about Andyetthetwo areinseparablePeoplecannotdothingstogethewithoutcommunicating—
usinglanguagen the broadessense—anthis meanghatonecannotbe understoodvithout the other

Joint activities are fundamentallydifferentfrom what peopledo on their own autonomously They are social
actiities, boundedin time or ongoing,but distinguishedby having more than one participant. The mary waysin
which joint activities differ canbe thoughtof asvarying on a variety of dimensionssuchasscriptednessiormality,
and verbalness. Two dimensionsthat are particularly usefulin understandingvhat goeson in languageuse are
cooperatrenessthe degreeto which an actiity is collective vs adwersarial,and governance the degreeto which
anactuity is egalitarianvs autocratic.

2.3.1 SomeGeneanlizations

In doingthingstogether peopleassumeactivity roles A nonparticipantn oneactiity maybea participantin an
enclosingactiity. Rolesarisefrom anactvity’ s natureandratify participation.Along with personaidentities,they
shapemuchof the makingof anactivity—who doeswhatandwhy.

Joint actiities sene the goalstheir particpantspursueand hopeto achieve. Somegoalsare public and others
private. Eachhasconsequencefor the conductof the actvity. More often thannot, a variety of goalsare being
pursuedat the sametime, somerelatedandsomenot. Jointactivities usuallyhave an obviously dominantgoal, but
their participantamay alsohave procedurabndinterpersonagioals,amongothers.Like ary otherinformation,goals
becomepublic whenthey becomeopenlyrecognizedn oneform or another A joint actwity is definedby its joint
goals,andthesearealwayspublic. Private goalsarekeptfrom otherslargely for reason®f expedience.
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How peoplecoordinatevhatthey do with eachotheris centralto how languagés used.In joint actiities, people
do this with mixes of conventionaland noncowentional procedureghat are themseles madeup of fixed and/or
negotiatedhierarchief smallerjoint activities or actions.For eachpartor phaseof the procesgo work, participants
needto be mutually confidentof eachother’s engagemengndthis meanscontriving their entriesandexits from one
partto thenext andultimatelyfor thewholeactvity. Any of avarietyof dynamicamayalsocomeinto play. Activities
overlap,pausedivide, expand,andsoon. Table3 summarizeshe pointsmadein this section.

Table3 — SomeGeneralClaimsaboutJoint Activities

Participants A joint activity is carried out by two or more participants.
Activity roles  The participants in a joint activity assume public roles that help determine their division of
labor.

Public goals The participants in a joint activity try to establish and achieve public goals.
Private goals  The participants in a joint activity may try to achieve private goals.

Hierar chies A joint activity ordinarily emerges as a hierarchy of joint actions or joint activities.

Procedures The participants in a joint activity may exploit both conventional and nonconventional proce-
dures.

Boundaries A successful joint activity has an entry and exit jointly engineered by the participants.

Dynamics Joint activities may be simultaneous or intermittent, and may expand, contract, or divide in

their personnel.
Reprinted (with modifications) from Clark, Using language, pp. 37-38, (© 1996 Cambridge University Press

2.3.2 AFirst Lookat CommonGround

Clark contendghatall joint actvities adwancethroughtheir participants’accumulatiorof commonground—the
knowledge beliefs,andsuppositiongachassumeshey shareaboutanactivity. The studyof commongroundandits
accumulatiorhaspreviously beenlimited to its occurrencén discourseThe broadewiew—thatit accumulategn all
joint actwities—follows naturallyfrom the notionthatlanguageuseis a form of joint action.

Peoplebring presuppositionso their participationin joint activities. Their public actionsduring an activity and
possiblyotheroccurrence@ theactvity’ servironmentcanbethoughtof asstate-changingvents.Not all statesand
events,though,aretakenby the participantgo be part of the actity in an official sense.As the stateof anactiity
changesits participants’presuppositionsire cumulatively modified. An activity’s commongroundis madeup of
thesepresuppositionsgndat ary pointin mostactiitiesthey canbe dividedinto thethreepartsdescribedn Table4.

Table4 — ThreePartsof CommonGround

1. Initial common ground. This is the set of background facts, assumptions, and beliefs the participants presup-
posed when they entered the joint activity.

2. Current state of the joint activity. This is what the participants presuppose to be the state of the activity at the
moment.

3. Public events so far. These are the events the particpants presuppose have occurred in public leading up to
the current state.

Reprinted (with modifications) from Clark, Using language, p. 43, (©1996 Cambridge University Press

The first partof commonground—initial commonground—carbe, andusuallyis, vast. One of its mostuseful
characteristicsn mary situationsis its participants’sharedknowledgeof applicableinformation, suchas cultural
normsandprocedures.

Peoples ongoingsensenf the secondartof commonground—thecurrentstateof thejoint activity—beginsfrom
themomentthey enterinto the activity itself. This senseof stateincludesthe participantsavarenes®f whois doing
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whatandthe statusof their variousgoalsin the joint activity. This partof commongroundis frequentlyaidedfrom
momentto momentby the actualstateof objectsin the participantsimmediatephysicalervironment. Beyond their
simple physicalexistence,objectsandscenesn the world areroutinely usedas external representationof whatis
oftenahighly developed sharedunderstandingBoardgame<apturetheessencef theidea. Table5 describesome
of the propertiesof externalrepresentationthat makethem so usefulin joint activities. Threeotherpointscanbe
madeaboutexternalrepresentationsBecausehey arefeaturesof the physicalernvironment,they arehighly reliable
for purposef joint reference.They arealsousefulfor participantsasa mentalaid, not only for purposef recall,
but alsoasa mediumfor reasoningforward. Finally, becauseof their tangiblenature,external representationare
oftenthe mediumof thejoint actwity itself.

Table5 — SomePropertieof ExternalRepresentations

1. Physical model. The scene of a joint activity can be used by its participants as a physical model of the activity
that can be viewed, touched, and manipulated.

2. Markers. Features of and in external representations can be markers that denote elements of the joint activity.

3. Location interpretation. The spatial location of markers in an external representation can be a factor in the
interpretation of these markers.

4. Manipulability. The movement or alteration of markers can also be a factor in their interpretation.

5. Simultaneous and parallel accessibility. All participants generally have access to and can consult the scene of
a joint activity.

Paraphrased from Clark, Using language, pp. 46—47, ©1996 Cambridge University Press

In keepingtrack of thethird partof ajoint activity’ scommonground—thepublic eventsso far—peoplerely on
whatthey alreadyknow aboutwhatthey aredoingto helpthemidentify whathashappenedTheresultis anannotated
recod of singleeventsandpurposefusequenceaexpressedn personaterms.As eventsrecedepeoplego onto form
morebroadlyexpresseautline recods by abstractingawvay details.

Pragmaticallypeoplekeeptrackof commongroundin joint actiities sothatthey have areasonableensef what
theircounterpart&now. But peoplesinternalrepresentationsf thingsarecommongroundonly to theextentthatthey
correspondvith eachother What doesnt correspondsn’t commonground. Inevitably, representationsf common
groundfail to correspondn mary ways. Often thesediscrepanciego undetectedput whenthey are discovered,
peopletendto correctthemimmediatelyto avoid copingwith the consequences.

2.3.3 Languagen Joint Activities

Corventional language ,whetherspokenor written, is usedregularly in the conductof joint activities. But
verbalness—thdegreeof anactvity’ slinguistic characteris simply a dimensionby which joint activities canvary.
A telephonecorversationis almostentirely a linguistic actvity whereaswaltzing is almostentirely nonlinguisti.
Thesewo extremessuggesakind of discoursecontinuum Somevherein themiddleit becomesindeniablyapparent
thata text of the verbalcomponentn joint actities cannotmeaningfullystandalone. Without a recordof the larger
joint actiity, ary wordsparticipantsusebegin to losea portion of their coherence When corventionallanguages
separatedrom the circumstance# which it occurs,the resultis artificial—somethings lost. The full recordof a
joint activity is a full recordof all of its communicatie acts—allof the signalingand coordinationthat occurs,as
well asary corventionallanguagehatcomesinto play. If cornventionallanguagéds takento be simply oneof mary
possibleforms of communicatre acts,actsin which speakes meaningandaddresses’understandinglay a role, a
broaderunderstandingf the notion of languageuseemeges. Languageusecannow be seenaspresenthroughout
thediscoursecontinuumand,indeed all joint actvities canbe seerto dependonit.

2.4 Coordinating Content and Processes—dint Actions

Whenpeopledecideto do somethingogetherit becomesecessaryor themto coordinatetheir actionsasindi-
vidualswith respecto eachother Whatemegesfrom theseactsof coordinatioraresequencesf joint actions—the
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componentf joint actiities. To carry out a joint action, the action’s participantsmustwork out both what they
intendto do andhow they aregoingto doit. More oftenthannot, eachof theseconsiderationgaffectsthe otherin an
opportunistiovay. The cognitive and/orphysicalprocessegachpersonemploysusuallydependon thejoint action’s
content—whatit is they aretrying to do together Similarly, the contentitself may have to be reshapeddependingn
whatprocesseareavailable.In theserespectsthe natureof joint actionsis the natureof languageuse.

2.4.1 Participation and Coordination

In Clark’s view, what technically distinguishegoint actionsfrom otherkinds of actionsis their participatory
nature. Joint actionsare participatoryin the sensethat more thanone personis involved and eachis pursuingthe
samepurposein a cooperatrely coordinatedmanner Accordingto this view, a joint action’s participantsmustall
intendto bedoingtheirrespectie partsandbelieve thatthejoint actionitself includesboththeir own andeachother's
intentionsandbeliefs. Noncooperatie or deceptve actionsbetweenpeopleare not takento be joint actions(even
thoughthey may involve the participationof morethanone person,suchasin a game),and neitherare actionsin
which anindividual actsautonomouslyith respecto the actionsof another

2.4.1.1 Coordination Problems

What is key in joint actionsis the elementof coordination. Joint actionsare really solutionsto coorination
problemgthatcomeaboutwhenpeoples concernsarein someway coincidentandmeetingthemrequirescooperatie
action. Indeed,this is the essencef languageuse. To solve coordinationproblems peoplerequirea jointly salient
basisfor coordinatingheir expectationof eachother Thisbasis referredto asacoominationdevice canbevirtually
arnything thatwill allow the participantsn ajoint actionto arrive ata mutualsuppositioror expectationof whattheir
own and eachother's partin the action shouldbe. Suchmutual expectationsarisefrom the participants’current
commonground. A robust coordinationdevice is somethingthatis not only known to all of the peoplefacing a
coordinationproblem, but alsoindicatesto all of themthat they all know that something,and that that something
indicatestheir mutualexpectation. Therole of salienceandcommongroundin solving coordinationproblemsleads
to aprinciple of joint salience—The solutionto a coordinatiorproblemamongtwo or moreagentds the solutionthat
is mostsalient,prominent,or conspicuousvith respecto their currentcommonground(Clark, 1996b,p. 67).

Participantsin joint actionshave a vestedinterestin posingcoordinationproblemsto eachotherin waysthatcan
besolved. In suchparticipantcoomination problemsall participantsshouldbe ableto takeit for grantecthatthe one
who hasposedthe problemhasnot only chosent andworkedoutits presentationbut is alsoanticipatinga specific
solutionandexpectsthatthis solutioncanbereadily discernedy everyoneinvolved. This beingthe case participants
shouldalsobe ableto assumeahat the informationcorveyed in the presentationin conjunctionwith their common
ground,is sufiicient to identify the problems intendedsolution. Whentime is a constraintthey canfurtherassume
thatthe solutionwill be onethatis immediatelyapparentTheseassumptionsrerespectiely referredto aspremises
of solvability, suficiengy, andimmediag.

Jointactionsthatarisein languageisemostcommonlytaketheform of participantcoordinatiorproblems Explicit
agreementand corventionsare good examplesof coordinationdevicesthat areideal solutionsfor theseproblems
becausehey arestraightforwardn nature. Agreementpreemptheneedto work outothersolutions,andconventions
solve coordinationproblemghatarerecurrent.

2.4.1.2 Signaling

At an even morebasicif abstractevel, in trying to communicatepeoplemustfirst manageo coordinatewhat
is meantby onepersonandunderstoody another Engineeringhe morefundamentajoint actionthatachievesthis
couplingbetweenspeakes meaningandaddresses’understandings a crucial participantcoordinationproblemin
all instance®f languageuse.ldeally, whatis neededairewhole systemsf coordinationdevicesto sene asbasedor
this particulartype of joint action,andthis is exactly what signalingsystemssuchascorventionallanguagesre. In
essencewhena signalis presenteda participantcoordinationproblemis posed:a speakemeanssomethingor an
addresse® understandSignalscanbe devisedfrom ary sortof coordinationdevice thatis effective. As long asthe
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the signalis a partof or canbe relatedto whatis salientin boththe speakes andthe addressee’commonground,
eachcanpresupposthattheunderstandingthe solution)theaddressewill cometo is whatthe speakeintended.

In sendingand receving signals,speakersand addresseegely on the existenceof contingencyplansin their
commonground. A fundamentapart of thesecontingenciesrepairsof rulesor heuristicscalledsignalingdoublets
that canbe usedto poseanddecipherparticipantcoordinationproblems. A speakerfor instance may know thata
handsignor aword canbe usedto denotesuch-and-suctwvhenoneor the otheris presentedandknow or expectthat
his or heraddresseknowsthistoo. Correspondinglywhenthe samehandsignor word is perceved,if theaddressee
doeshapperto know thatit candenotethe samesuch-and-suchndbelievesthathis or her speakeknows this too,
thenheor shehasa basisfor decipheringhe signalandthusunderstandinghe speakeis meaning.

Usersof languagesuchasEnglish,rely on mary formsof conventionalsignalingdoubletsincludinglexical en-
tries, grammaticalrules, and various corventionsof useand perspectie. Suchcorventionsabstractthe rules and
regularitiesof alanguagehut not thewoolinessof its actualuse.Noncorventionalcoordinationproblemsinherently
arisein all forms of joint action—andhencein languageuse—andheir solutionsdependon participants’commu-
nicative skills—their ability to reasonin termsof joint salience solvability, sufficiengy, andimmediag. Traffickers
in meaningandunderstandingnvariably mustcopewith suchirregularitiesasambiguity contectuality, indexicality,
andlayering,andonly throughnoncowentionalmeanscansuchparticipantcoordinatiorproblemsbe solved. Indeed,
noncotventionalcoordinationdevices suchas explicit agreementsielianceon perceptuakaliencesandthe useof
precedentsll repeatedhariseandsucceedsaresultof participants’nhaturalresourcefulnessheir confidencen their
presuppositionabouteachother’'scommunicatie skills, andwhatis commongroundbetweerthem.

2.4.2 TheElementof Timing

Jointactionsarethemselescomposedf smalleractsof coordinationthatcontinuouslyunfold in time. Although
participantactionsmay be balancedr unbalanced—thas, eachpersonmay be doing essentiallythe samething or
one may be leadingwhile the othersfollow—the processof coordinatingthe contentof joint actionsmustitself be
coordinatedTiming andcognitive resourcesirealwaysissuesn presentinga coordinationproblem,in discerningits
solution,andin renderinga response Speaker@&ndaddresseesustcontinuouslycoordinateeachother’s attention
andbe ableto projectthe momentwheneachsuccessie part of the joint actionshouldbegin andend. According
to this view, joint actionscanbe thoughtof asbeing madeup of hierarchiesof synchronouslhcoordinatedphases
Eachphasds a sggmentof joint actionwith a singlefunctionalpurposethatis boundedby a jointly executedentry
point, body, andexit. Peopleemployvariousstratgiesfor continuouslyengineeringhis synchrowy. In joint actions
thatarerhythmic or periodic, phaseexits naturally coincidewith phaseentries,so a simple cadencestratgy canbe
usedto predictphasedurationsandthuseachsuccessie entry point. Phasexits andentriescanalsobe coincident
when,asis moreoftenthe casejoint actionsareaperiodicbut contiguoussuchasin joint actiities like corversation.
Whenthis patternholds,a similar but more generalentry stratgly canbe adoptedaslong asphaseentry pointsare
jointly salientand caneasily be projectedfrom the natureof the body of eachprecedingphase.This samestratgy
becomesa boundarystratgy whenentriesandexits are not coincident. Particularly in coordinatingaperiodicjoint
actions,participantsderive their ability to projecta phases durationfrom their experiencewith the substanceind
characterof its body In cornversation for instance addresseesontinuouslymonitor the intonationof the speakes
voice,thesyntaxof his or herpresentationandothercharacteristicef the presentationin orderto projectthecurrent
phases duration. It is alsoa given—apart of eachcorversants commonground—thatsuchmonitoring processes
andthe processf understandingaketime. Processings in fact a significantpart of the joint actionthat speakers
andaddresseesimultaneoushcarry out. Making allowancedor processingime goesbothwaysin all joint actions,
and peopledevelop robust heuristicsfor estimatingits demandsandfor interpretingwhatit saysabouteachother’s
capacitiesandstateof mind.

2.5 More onthe Nature of Common Ground

What distinguishesnformation thatis commongroundfor a group of peoplefrom ary otherinformationthey
mayunwittingly holdin commonis their mutualawarenes®f eachother’s possessionf thefirst kind of information.
In other words, while two or more agentsare unavare of eachother’s knowledge of the sameinformation, that
informationnecessariljies outsideof their commonground. But this stateof affairs changeavhenthe agentdearn
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of eachother’s possessionf the sameinformation. Now they canconfidentlyappeato their knowledgeof whatthey
know togetherto coordinatgoint actionsinvolving this matter whereaseforeit would have beenpresumptuouand
possiblycounterproductiefor eitherto have attemptedo usethis particularinformationasa coordinationdevice.

2.5.1 AFormal Repesentatiorof CommonGround

Section2.3.2informally characterizethenotionof commongroundasthe“knowledge beliefs,andsuppositions”
participantseachassumehey shareaboutan actvity, and Table4 enumeratedhow the contentsof commonground
canbedividedinto threepartsatarny moment.Thesepartsareanattemptto conceptualizéheessentiatomponentsf
eachindividual'srepresentationf the contet of themomeniwith regardto his or hercounterpartsMoreto thepoint,
includedin the whole of eachof theserepresentations not only the individual’'s senseof his or herown awvareness
of whatever the situationmight be, but just asimportantly, his or her senseof the correspondingwarenessesf ary
othersinvolved. Very broadly it is the acquisitionof this senseof others’awarenesshat promotescommonground.
In doingarything togethey peoplerequirean explicit, sharedbasisto indicateary propositionthey taketo be a part
of their commongroundwith eachother Ultimately ary suchbasismustarisefrom oneindividual’s confidencen
anothers ability to be avareof andusethis basis,andvice versa.This insightleadsto a formal representationf the
natureof commongroundClark denotesas“CG-shared™:

Common ground (shared basis)

Proposition p is common ground for members of community C if and only if:
1. every member of C has information that basis b holds;
2. b indicates to every member of C that every member of C has information that b holds;
3. b indicates to members of C that p.

Reprinted (with modifications) from Clark, Using language, p. 94, (© 1996 Cambridge University Press

In this representatiorthe phrase‘has information” is intendedto encompass rangeof synorymoustermssuchas
“believes; “sees, “is aware’, or “knows; andtheterm“community” is usedto imply a plurality of members.CG-
shareds secondcondition emphasizeshat ary basisfor an elementof commongroundmustbe explicitly known
to be sharedby all membersof the immediatecommunityin question—bat large or small. In a broadersense,
whenb is takento be eachindividual’s perceptuabwarenessthis condition’s reflexive charactef(its self-reference)
alsosuccinctlyexpresseshe natureof whatit is to bein communitywith otherswhereinanindividual'sawareness

includesbothanawarenes®f self andanawvarenes®f ananalogouswarenessn others.

Althoughit is possibleto representommongroundin anotherreflexive form thatdealsonly with p andsidesteps
therole of asharedbasis therepresentatiomadeby CG-shareds bothmorecomprehensie andmorefundamental.
A mutuallyheldpropositionp’ caneasilybesupportedy inequivalent,unsharedases; andb,, but thecorrectchar
acterizatiorof this circumstances notthatp’ is neverthelessommongroundbut thatb; andb, in notbeingshared
do not justify p’ ascommonground. Experienceeacheghat holding differentbasesncouragemisunderstandings,
hencethe following principle of justification In practice peopletakea propositionto be commongroundin a com-
munity only whenthey believe they have a propersharedbasisfor the propositionin thatcommunity(Clark, 1996b,
p. 96).

Whatis individually takento be commonground,though,is an inherently subjectve matter Individuals must
evaluateevery potentialsharedbasisin termsof both the commongroundit indicatesandits quality of evidence—
how well it justifiesa givenproposition.Accordingto theprinciple of sharedbasesfor somethingo beacoordination
device, it mustbe a sharedbasisfor a pieceof commonground(Clark, 1996b,p. 99). Thus,ary supposedlyshared
basisthatis poor evidencefor a difficult or dubiousinferencewill likely makea weakcoordinationdevice because
it haslittle likelihood of indicating the intendedsolutionto others. To succeedn coordinatingtheir joint actions,
individualshave a vestednterestin striving to find or contrive the mostrobustsharedasegossible.

2.5.2 Finding andBuilding CommonGround

Sharedbasesresofundamentato the broadconductof cultural actities thatentirecommunitiesof individuals
canbe saidto be definedaroundthem. By consensusnmembersof suchcultural communitiescanassumehat they



A LanguagdJseApproad to Human-Computeteraction 11

sharewhatis calledinsideinformation, aricherknowledgeof theircommunitys concernghanwould be possessebly

anonmemberTheirinsideknowledgeis aform of sharedxpertisethatis outsideinformationfor others.Membership
is apowerful sharedasis.Peopldalisplaytheirown andlook for evidenceof others’membershifn thevariouscultural

communitiesto which they belongbecausgheir joint interestsand agendasire so greatlyfacilitatedwhenthey can

establistthis communatommorgroundwith others.

Marny differentformsof informationarecharacteristiof communakcommonground.Peoples sharedknowledge
of their basichumannatureandthe propertiesof the naturalworld in which they live areperhapsnostfundamental.
More definitive are communallexicons, historiesand facts, and other cultural corventionssuchas a communitys
normsand procedures.In additionto this area community’s uniqueperspectiesand experiencesmary ineffable,
that constituteit’ s most exclusive inside information. Another characteristicassociatedvith communalcommon
groundis peoples generallyrobustability to accuratelygradethe degreeto which they shareinformationwith others
basedon suchcuesastheir awvarenes®f how onecommunityis relatedto anotherandtheir personaintuitionsand
assessments their own andeachother’sinformationalcapacities.

In additionto communatommonground peoplerely onabroadclassof shareaseshatarisefromtheirpersonal
experiencewith eachother For themostpart,theexperienceghatmakeup anindividual’spersonalcommorground
with othersareeithernaturallyoccurringjoint perceptualexperiencesr joint actions. A sharedperceptuabasisis
arnything jointly perceved asit is, whosesaliencemay be indicatedby its obviousnesr by observinganothers
attentionor gesture.Ordinarily, ary suchinstanceof perceptualcopresence-witnessingthe samething together—
satisfieseachof the conditionsof CG-shared.Perceptuabasesare saidto have natural meaningbecausehey are
not contrived but areinsteadnaturally occurring. What a joint perceptuakxperienceis specificallytakento mean,
however, generallydependnthe communaktommongroundof theindividualsperceving it.

Inferring personacommongroundfrom the sharedbasisof ajoint actionalsodepend®nthe communakcommon
groundof the individual participants. In contrastto perceptuakxperiencesthough,joint actionsare saidto have
non-natual meaningbecausehey areintentionaleventsandrely on signalingin orderto be carriedout. Oncethe
signalmeaningof ajoint actionhasbeencorveyed andunderstoodits significancecanbetakento becommonground
amongthe participants Engineeringsucheventssothatthey too satisfythe conditionsof CG-shareds afundamental
processn usinglanguage.

Sharedbasesfor personalcommongroundare autobiographicaln natureand often include personallexicons.
They alsoplay a definingrolein determiningwho is afriend, anacquaintancegr anintimate,andwho is astranger
generally the greatetthe personatommongroundbetweertwo people thegreatertheacquaintance.

Indeed,ary degreeof commongroundthat may exist betweenpeoplemustbe establishedandbuilt up in their
encounterswith eachother Variousforms of circumstantialand episodicevidencebecomethe sharedbasesfor
inferencef commonground.Suchevidencecanbeintentionallyor unintentionaly disclosedbut it is necessarfor
this to be explicitly recognizedby eachof the partiesinvolvedfor it to establishary facetof their commonground.
Ultimately, commongrounddevelopsin layers.Eachnew stratumalwaysreliesin someway on anearlierpiece.

2.6 Other Fundamental Notionsin LanguageUse

In the precedingsectionsmary of the broadfundamental®f Clark’s characterizationf languageusehave been
setout. Peopleengagein joint actiities in orderto do things togethey andin pursuitof their social ends,they
inevitably mustfind waysto communicatevith eachother Languageijn its broadessense solvesthis problemby
enablingone personto corvey his or herintentionto anotherand achieve its recognition. To carry this out, people
participatein actsof jointly coordinatedeasoninghattakeadwantageof thefactthatindividualspossesseasonably
similar conception®f the world in which they live. This particularkind of joint actionis essentiato peoples joint
actiities. It is notonly how they getothersto understandvhatthey meanbut alsohow they cometo know whatthey
have in common—hav they establisttheircommonground.In joint actions peopleposetheirintentionsto eachother
by proffering elementof their commongroundasa signalbasisfor recognizingwhatthoseintentionsare. It is then
incumbenton audienceso maketheseconnectionsandtheirwillingnessto coordinatewith their counterpartén this
way is whatmakescommunicatie actionsjoint actions.As theseinteractive experiencesaccumulatesodo peoples
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knowledgeof eachother therebyenlaging their commonground—thesharedbasisthatmakestheir joint endeaors
possible Still, therearea few additionalpointsthatshouldbe made particularlyin regardto joint actions.For Clark,
this participatoryprocesss centralin languageuse.

2.6.1 Speakes MeaningandLevelsof Action

On closerinspection the notion androle of meaningin the useof languagés a bit more subtlethan might be
expected.Meaningin thesenseof onepersorntrying to indicatesomethingor anotherto understands fundamentally
differentfrom the intrinsic or symptomaticmeaningeverydaythingsin the world have by virtue of their inherent
nature. This distinction,which is dueto Grice (1957), divides meaninginto two types(mentionedearlierin Sec-
tion 2.5.2)—respectiely, non-natual meaningandnatural meaning Both comeinto play in differentwaysin joint
actionsandin language Becausanaturalmeaningis, in effect, self evident, its primaryrole in languageuseis com-
monly that of a tacitly recognizedelementin the commongroundof the momentin peoples joint actiities, though
it may alsoplay otherroles. Non-naturalmeaning,in contrast,s distinguishedy its associatiorwith the notion of
signaling.lts roleis centralin joint actions.

Non-naturaimeaningtself hastwo components-speakers meaningandsignalmeaning Thedifferencebetween
thetwo is thedifferencebetweernwhata persorintendsto beunderstoodvhenheor shepresents signalandwhatthat
signalmaymeanperse. Speakes meanings inherentlyprecedentiabecaussignalmeaningcanonly arisefrom use.
But speakes meaningcanonly be corveyed whenan effort is madeto understandt. Thatis, the meaningintended
by a speakeicanonly berecognizedvhentheintentionthatit be recognizeds itself recognizedy addresseesho
thenmustdo their part. The principle is that communicativeacts areinherentlyparticipatoryand necessarilyentail
bothsignalingandrecognizing Clark’s formal representationf thejoint natureof speakes meaningeflectsthis:

Speaker’'s meaning (joint)

In presenting signal s to audience A, speaker S means for A that proposition p if and only if:
0. the communicative act r includes 1 and 2;
1. S presents s to A intending that p as part of r;
2. A recognizes that p as part of r.

Reprinted (with modifications) from Clark, Using language, p. 131, © 1996 Cambridge University Press

Thefactthatspeakersin signaling,intendfor theiraudienceso performacorrespondingctof recognitionmeans
thatin communicatie acts,speakersre makinga kind of proposal.Very often, in fact, they specificallywanttheir
addresseet® do somethingmore—andseemingly they aretrying to accomplishall of this throughthe mereaction
of their presentationsr utterances Suchutteranceslinguistic or otherwise,are called speeb acts (Austin, 1962).
If a speakercanget a listenerto recognizehis or her meaning,the effect is called anillocution. If throughthis
understanding speakecangetthelistenerto takesomefurtheraction,evenif unintendedthe effectis a perlocution
An lllocution may standon its own but perlocutionsare alwaysaccompaniedy illocutions, andwhat theseterms
describeis the dischage of speakes meaningin oneform or another Hence,and moreto the point, illocutionary
andperlocutionaryactscannotbe accomplisheavithout specificcooperatie responsefrom the listener—responses
that completespecificjoint actions. Speakersarein effect beholdento their addresseet completewhat they are
proposing.

As it turnsout, speaker@ndaddresseesiustdo quite a bit togetherto carry out a communicatie act. What at
first appeargo be onejoint actionis actuallya hierarchyof several essentiallycontemporaneousint actions. This
is hintedatin the way perlocutionsdependon illocutions. Suchhierarchiesaretermedactionladdersbecauseghey
canbe decomposedhto seriesof causallyordered,metaphoricallyascendindevels of action. Action laddersare
ubiquitousin daily life, and speakersaind addresseesarry out prototypicalexamples. A speakeror signalermust
executea signin orderto presentthe signin orderto signalwith the signin orderto proposeonething or another
Similarly, an addresseer a recognizermustattendto a signin orderto identify the signin orderto recognizethe
sign’s meaningin orderto considerresponding.The upward causalitythatis seenin suchactionladdersdefinesan
orderingthatis irreflexive, asymmetricandtransitive. Two propertiedollow from this that peopleintuitively depend
on anduse. Thefirst is the property of upward completion In a ladderof actions,it is only possibleto complete
actionsfrom the bottomlevel up throughary level in theladder(Clark, 1996b,p. 147). The otheris the property of
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downwad evidence In aladderof actions,evidencethatonelevel is completeis alsoevidencethatall levels below
it are complete(Clark, 1996b,p. 148). Whenthe actionsthat signalersandrecognizerscarry out at eachlevel in
their respectie actionladdersaretakenfor whatthey properlyare—pairwiseartsof specific,orderdependenjoint
actionsin acommunicatie act—anactionladderof joint actionsemegesthatexhibits the sameupwardcausalityand
the propertieof upwardcompletionanddownwardevidence:

Level4 Proposal and consideration
Level3 Signaling and recognizing, or meaning and understanding
Level2 Presenting and identifying
Levell Executing and attending
Reprinted (with modifications) from Clark, Using language, p. 153, © 1996 Cambridge University Press

2.6.2 Proposingand Takingup Joint Projects

Level 4 in theladderof joint actionsdescribedabove is somethinghatgoesbeyond meaningandunderstanding.
It is theentertainmenbf whatClark callsajoint project—ajoint actionprojectedby oneof its participantsandtaken
up by the others(Clark, 1996b,p. 191). The objectof this top-level joint actionis to move the participants’real
concerns—theipfficial business—a stepfurther along. But for an addresse¢o completethe joint actionbegun at
level 4, he or sheneedgo have alreadycompletedhetransactiorat level 3. Thatis, theaddresseeustalreadyhave
understoodr construedenoughof what the speakes intentionsareto formulatea viable response.Although full
construalsarenotalwayspossibleor easyto make,in respondinganaddressebothagreesn someway to takeup a
joint projectandcomedforth with evidenceof themeasuref his or herunderstandingln the eventof amisconstrual,
the addresseenay needthe speakess help. To be sure,construalsare a problemfor both partiesin a joint project.
Togetherthey mustsettleon whatthe speakemeansandthis is calledthejoint construalproblem

Construalsarefundamentato makingsenseof things. From the mostbasicinferencesf naturalmeaningto the
mostdifficult exercisesof comprehensiormgonstrualsaccountfor mostof whatpeopleunderstand—ando. Indeed,
peopleoftensignaltheir construalgpublicly in orderto displayto othersthe natureof their attitudestheirconclusions,
andwhatthey understandn ary numberof socialcontets. And soit is with speakerandaddresseds theircommu-
nicative actsandjoint projects.Signalingactionsthatare meantfor othersareoften metby or pairedwith responses
thatareintendedin partto indicateconstruals Suchresponseareusuallyopento evaluation.Construalssanberight
or wrongor somavherein betweenthey maybe nominallyflawed or their flaws may go undetectedHow a speaker
subsequentlyntervenesor moveson helpsto settlethe joint construalproblemthat proceedgrom his or her initial
utterance.

The action-responseair patternjust describeds indispensablén joint activities. Joint construalscanonly be
achieved by comparingnotes asit were,andfrom this, suchturn-takingnaturallyemeges.Justasimportant,though,
arethe larger, moment-to-momentoncernsof the joint activity itself, the joint projectscarriedout at level 4 that
presupposint construahtlevel 3. Proposalandtheirconsideratiomnduptakealsorequiretwo-partexchangesand
whenaction-responspairsareemployedfor joint projects,they have the following propertiesandare characterized
asadjacencypairs:

1. Adjacency pairs consist of two ordered actions—a first part and a second part.
2. The two parts are performed by different agents A and B.
3. The form and content of the second part is intended, among other things, to display B’s construal of the first
part for A.
4. The first part projects uptake of a joint task by the second part.
Reprinted (with modifications) from Clark, Using language, p. 201, © 1996 Cambridge University Press

Adjaceny pairs efficiently solve two of the problemsparticipantsin joint projectsface at once—hav to conduct
businesgproperty4) andhow to settleon whatthey aredoing (property3). In particular by the propertyof downward
evidencein the ladderof joint actionsin communicatie acts,an addresses’uptakecanbe takenasevidenceof his
or herunderstandingAs the smallestof possiblejoint projects,the proposaland uptakepatternof adjaceng pairs
is ideal for carrying out joint actionswith a minimum of joint effort. It establishesvho the participantsare and
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implicitly definestheirroles,it helpsthe participantdo coordinateheentrytimesof their joint actions’phasesandit
standardizes meandor jointly introducing,construingandotherwiseactingon the contentof their joint actions—
their official business.

Finally, thereis the role of purposeto be consideredn joint projects. The purposeof ary joint projectis to
accomplishsomething,but what that somethingis mustbe jointly worked out by its participantswho mustthen
demonstratéheir commitmentwith their actions.In particular therearetheserequirements:

For A and B to commit themselves to joint purpose r
1. Identification A and B must identify r
2. Ability It must be possible for A and B to do their parts in fulfilling r
3. Willingness A and B must be willing to do their parts in fulfilling r

4. Mutual belief A and B must each believe that 1, 2, 3, and 4 are part of their common ground
Reprinted (with modifications) from Clark, Using language, p. 203, (©1996 Cambridge University Press

Somavhatlike joint construalsjoint purposesnustalsobe settledon if theserequirementsareto be met. Whena
respondentails to proceedor agreeto a mutualpurposein full or in part, he or sheis invariably unableor unwilling
to do so. Becausall of theserequirementsiresubjectto negotiation,eachparticipanthasa role in determiningwhat
joint purposea joint projectwill sene, whetherthe projectis minimal, in the caseof adjaceng pairs,or extended.
Indeed,extendedjoint projectsarejust the emepgententerprise®f lesserjoint projectsopportunisticallyengineered
to sene larger purposeshoughchaining,embeddingandothertactics.In particular whatactuallytranspiresn most
joint actwities is asmucha bendingof agendassit is arything else. Clark notesthatin reachingjoint construals,
whatthespeakemeanss principally replacedy whattheparticipantanutuallyagreeto takethe speakeasmeaning.
An uptakewill oftensignalwhich of severalconstrualanaddresseis willing to entertain. And soindividualagendas
andjoint purposeshangeandadapt.

2.7 Elementsof LanguageUsein Human-Computer Interaction

In its essenceClark’s theory of languageuseis a theoryof how peoplesolve the problemof doing thingswith
eachother Beginningwith their earliestface-to-faceencounterspeopleacquireandrefine a comples but consistent
bodyof communicatie skills thatbecome®neof their greatesassetsn life, servingthemin onecapacityor another
in virtually every settingin which languageuseplaysarole. Until relatively recently it couldalsobetakenfor granted
that theseskills were uniquely resered for doing thingswith people* However, with the rise of technologically
sophisticatednformation processingmachineryin this century this assumptiorhas beenchallenged—ateastin
practicalterms.Increasingly peopleareenteringinto activities with machineghathase muchof the characteof their
joint activitieswith people.While it is correctto saythatpeopleautonomouslysetools,machinesandmachine-based
systemdecausehey have beendesignedo amplify or facilitate humanlimitations or implementcodifiedprocesses,
etc.,it is neverthelesshecasehatmary human-computenteractioneventssupportedy userinterfacesare,in effect,
communicatie actshetweerusersandcomputers.Thatis, mary systemsaredesignechotjustto interactreflexively
with users,but to work at timeswith their usersin waysthat stronglyresemblehe mannerin which a “real agent”
would work.

This last point wasraisedby Clark in his plenaryaddresgo the Associationfor ComputingMachinerys 1996
Conferenceon HumanFactorsin ComputingSystemgCHI '96) in Vancouer, Canada.In the shortpaperthatac-
companiechis talk (Clark, 1996a)! he aguedthat minimal joint projectsbetweerpeople(i.e., adjaceny pairs)are
of interestin the designof human-computeinteractionbecauséthey have long beenthe modelfor communication
with andthroughmachine$. Peoplehave “systematic,economical androbust” waysof solving the difficulties that
arisein arrangingto do thingswith eachother andthesetechniquesreemployedto coordinateaventhe smallestof
joint actionsthatadwancetheir largerjoint actiities. In analogougoint actitieswith computersaindotherinteractive
technologiespeopleintuitively try to adaptthesesameskills to advancetheir machine-supportethsks. Hence,an
understandingf the underlyingprinciplesat work in peoples socially basedcommunicatie actsis neededf their
correspondingkills areto be successfullysupportedn the designof interactive systems.

*To someextent,companioranimalscould aguablybeincludedhere,too.
tAll quotedmaterialin this sectionis from Clark (1996a).
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To supportheargumenthatinteractiondesigngegularly anticipatgpeoples communicatie skills, Clark provides
a numberof commonexamplesin which a proposalplusits uptake—whatefinesa minimal joint project—isused
asthe paradigmfor implementingtransactiondetweenusersand machinesandvice versa. He is carefulto point
out that suchinstancesareonly genuinegjoint projectswhenthe technologyis usedasa mediumfor conveying one
persons intentto another suchasin ringing a telephone.In contrast,joint projectsthat involve machine-initiated
proposal®r machine-dienresponsesnly have “the look andfeel” of therealthing. Thesedesignsucceedhowever,
becauseisers’know whatto do... by analogywith genuingjoint projects. Indeed the chief rationalefor a rangeof
interactiontechniquesupportedy graphicaluserinterfaceds thatthey too areself-evident, or are quickly learned,
by analogywith directmanipulationgpeoplecarryoutin the realworld. However, wheninterfaceseflexively and/or
metaphoricallyrepresentserinputsasautonomousctionsthat appearto be entirely underthe users control, such
eventswould not seento qualify asjoint projects,in spiteof the machines invisible supportof the metaphorRather
joint projectsin machinenteractiondesignshave thefunctionalcharacteof adjaceng pairs,andwhenuserinterfaces
fail to adequatelyeverageor coordinateary of thetermspeopleordinarily try to establistbeforethey enterinto joint
actionstheuserexperienceds certainto belessthanoptimal.

ThepointsthatClark raisesconcerninghe applicability of principlesof languagaiseto human-computenterac-
tion have implicationsthatgo well beyondthe introductoryexampleshe provides. Cognitionplaysarole in virtually
every joint actionpeopleenterinto, andmary of its underlyingprocesseare poorly understoodand/orsimulatedor
areentirelyabsenin currentinteractiondesigns.As Clark notes,”It takesdelicatecoordinationagainsthe common
groundof the participantdo initiate [joint] actions. Thisis particularlytruein the conductof extendedoint projects.
Whenthesecognitive skills are effectively unavailable,the rangeof expressionandcommongroundin the conduct
of joint actwities canbe severely limited. If userinterfacesareto achieve greaterflueng in this regard, it will be
necessaryor researcherdechnologistsanddesignerso identify anddeploymachine-basethethodologieshatare
capableof simulatingthe cognitive skills peopleregularly employin their face-to-faceprojectswith eachother as
well asin othersettingsin which languagauseplaysarole. In the next sectionof this report,a modelingeffort with
thisagendas described.

3. TASK MODEL TRACING
3.1 Intr oduction

Commongroundentailsboth knowledgeand process. When peopleand computerscometo a task, they both
begin with a certainamountof backgroundnformation.For people thisis a bodyof presuppositionthey have about
a numberof things, suchasthe task,the computer their role asa computeruser andthe task’s real-world context.
Altogether this is a representatiorthat sernes asthe basisfor how they will proceed.In principle, the situationis
muchthesamefor computersThestructure design,anddataunderlyinganapplicationandits userinterfaceembody
a designteams presuppositiongboutmary of the sameissues—theask, the computer the user etc. And this
too is a representationit standson its own and determineshow the applicationsoftwarewill proceed. Thesetwo
complementaryepresentationarenecessariyf usersandcomputersareto dothingstogether And thewaysin which
they correspondindoverlapconstitutethe users andthe programsinitial commonground.

The knowledgecomponenbf commongroundis a pictureof anactity’ s stateof affairs—whateachof its par
ticipantspresupposets jointly known abouteachotherandwhatthey aredoingtogetheratthe moment.Theprocess
componentin contrastdeterminesiow theknowledgecomponents shapedAs thejoint activity of human-computer
interactionadvances gachparticipants knowvledgechangeshrougha processof accumulation.Usersruminateand
keeptrack of the computers actionsandtheir own, andthis accumulatingnformationis steadilyaddedto their rep-
resentatiorof the actvity. Programsalsochangetheir representationf thingsasactiities advance. Their displays
changeandinternal stateschangeand their storeddataare modified. For the program,mary of thesechangesare
informedby whatare expectedto be the users needs—informatiomboutthe programs partin the activity thatthe
usemwill likely wantto beableto get. Whatprogramsandusergointly presupposabouttheseaccumulatie processes
in eachotheris justasmucha partof their commongroundasthe otherpresuppositionthey have in common.

Many of the changeghat occurin human-computeinteractionare evanescentleaving little or no traceof their
occurrencen the ervironment. Thereare,of course notableexceptionsto this. Computersareusedfor—andexcel
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at—maiy formsof record-makingactiities. Butin mostcasestheseaxceptionsoccurasthefocusof anactivity rather
thanin the doing of it. Evanescencés a propertyof mostjoint activities (seeTable 1), andhumanshave evolved a
sophisticateadognitive resourcdor copingwith it, namelytheir memory

Peopleusetheir memoryto maintaina cumulative recordof their understandingndperceptionof an activity’ s
events.In joint actwities, the eventsthatarepublic areusuallytakento be partof the participantscommonground—
a recordthey presumablyshareof the actiity’s public eventsso far (seeTable 4). But thereis moreto it than
this. Peoples internalrecordof anactvity’ s eventsso far is usuallyrich with inferencesannotationsinterpretation,
intention,andmeaningall of which areproductsof their cognitionasthey participatein anactiity. Betweenpeople,
thesefeaturesof cognitionaretakenfor granted;amongotherthings, peoplerely on eachotherto think aboutwhat
they aredoing andto recognizeevidenceof thinking in eachother In their joint actiities with computerghough,
thesecognitive aspect®f commongroundcanbe,andusuallyare,brokenin severalways.

History mechanismsn corventionaluserinterfacesfor instance arenot maintainedoy programsfor their own
use.Insteadthey exist asatool for userswho maywishto undoor repeatanactionor seeanexplicit recordof what
they have done.Invariablytoo, theactionsrecordedareonly a portion of whatusersmight reasonablyexpectto bea
recordof theactiity’ spublic eventssofar. Evenso,sinceprogramsado notordinarily makeinternaluseof the history
they do maintain,userscannotrely on the bulk of their own analysisof theseseeminglyconspicuousventsto be
sharedby programdor the mutualpurposeof advancingthe task—theirjoint activity. Thisis justoneexample.More
oftenthannot, programs’actionsaresimply event-drven—evanescenteflexive reactiongo theirusers’inputs. Their
behaior is effectively unconsideredandusersnevitably mustaccommodatéhis handicapn the commongroundof
their joint activities with computers.

The situationbetweenusersand computers—theleficienciesn their commonground—isnot likely to change
appreciablyuntil programsare more consistentlydesignedo simulatethe cognitive skills peoplebring to their par
ticipationin joint actiities. How this is donemay not be asimportantaswhetheror notit is donein thefirst place.
Potentially ary numberof computationattratgyiescanbe employedn userinterfaceso simulatecognitionto some
level of fidelity—arguably ary methodologyusedto achieve an“intelligent” userinterfacequalifies. Simulatedcog-
nition in userinterfacesaddsto the potentialcommongroundin programs’activities with users. But sophisticated
capacitiesarealsomeritedonly to the extentthatthey makegenuinecontributionsto interactiondesigns.

In onesenseusingsoftwareis somavhatlike readinga book. The userreaderandthe softwares designerauthor
engagen a joint actvity whosecommunicatie mediumis spelledout in the materialdesignof the softwares user
interface. Designconcernsin this perspectie are essentiallyissuesof commongroundthat are relevantin what
amountso a written or preproducedsetting(seeSection2.2). However, in a broaderandmoreimportantsensethe
interactive experiencdtself is morelike ajoint actiity with the softwae itself in aface-to-faceor copresensetting.
Anotherway to understandhe natureof this dualinterpretatiorof aninteractiondesignis to stateit in termsof what
Clarkcallslayersof action(alsodiscussedh Section2.2). In thisview, theuserandthesoftwaresdesignercarryouta
multilayeredoint activity throughthemediumof thesoftwaresuserinterface.ln theprimarylayerof action,common
groundis establishedetweenthe userandthe designerthroughthe mediumof the designof the userinterface. In
the secondaryayer, which transcendshe literal circumstancessommongroundis establishedetweerthe userand
the runningprogram. In otherwords, it is the intentionof aninteractiondesignfor its userto interactwith the user
interface—notvith thedesigner—andto adopttheworld of its particularrepresentatioof theapplicatiortask. In this
sensethemorea programsinteractive capacitieappeato have a cognitive basis the moretheline betweersoftware
asmediumandsoftwareasagentblurs, hencethe biasof this report—thatusersandcomputersareboth participants
in thejoint actiity of human-computeinteraction.If this biasis takenseriously thenthe notion of commonground
itself shouldberecognizedasthe singlemostimportantorganizingprinciplein thedesignof interaction.In ary event,
it is aguablyparamountn the designof simulatedcognitionfor interactive purposes.

3.2 Simulating Cognition in a User Interface
In thisandthefollowing sections| describeaneffort to simulateaninteractive cognitivefunctionin anapplication

userinterface. Theaim s to explore how, asa participantin thejoint actiity of its applicationtask,a userinterface
canmoreconsistentlysupporttheaccumulatioranduseof task-relatedcommongroundwith its user
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Thereare several working premisedn this effort. Sincecommongroundis fundamentallya cognitive process,
simulatingits computationalnaturemerits an approachthrough cognitive modeling. This leadsto the notion of
a task mode| which functionsas a simulatedcognitive representatiorf the task from the applications point of
view. Part of this representatiomust include a representatiorof what the userknows aboutthe task, which is
sometimesharacterize@sausermodel In the context of thiswork, theusermodelmorespecificallycorrespond$o
arepresentatioof potentialandestablishedcommongroundwith the user Justaspeoplehave personalndshared
representationsf their joint actitieswith othersthefull taskmodelcanbethoughtof astheuserinterfacespersonal
representationf thetask,andits usermodelasits shaed representatioof thetask(comparewith the materialatthe
endof Section2.3.2).

Cognitive modelingin this effort requiresanapplicationtaskanalysighatnotonly addressesepresentinghetask
asjustdescribedbut alsotakesinto accountary interactive cognitive functionservisionedfor theuserinterface.Since
commongroundbetweerntwo agentanustbe establishednteractively ( Section2.5.2),at a minimum,the taskmodel
mustbe designedo interprettask-relatedeventsandto shareits knowledgeof the taskwith the user Thus,in the
work presentedhere,interactionsbetweernthe userandthe applicationaretreatedasjoint actionsof communication
asdescribeddy Clark (seegenerallySection2.4and2.6.2,aswell asthe discussiorof action laddersat the end of
Section2.6.1). In particular participantsn joint actionsinvolving meaningandunderstandingarry out subordinate
joint actionsin cognition—theintentionbehinda signalis formedcognitively by the onepresentinghe signal,and
the procesf recognizingand construingthatintentionis carriedout cognitively by the audienceor the signal. As
a participantin carryingout the applicationtask, the userinterface throughits taskmodel, mustbe ableto simulate
thesespecificcognitive functionsin its joint actionswith theuser

As suggestedn Section3.1, making a pronouncemenbdn how a setof task-relatedcognitive skills shouldbe
simulatedin a userinterface(i.e., what specificmethodologyor techniqueshouldbe employedfor this) is not part
of the agendain this effort—ultimately ary computationakechniquethat works well canarguably justify its use.
The chief rationalefor usingcognitive modelingto simulatecognitionin the work presentedereis to approachan
ostensiblycognitive process—commoground—fromtheprincipledperspectie of atheoryof cognition. Thematerial
thatfollows coversthe modelingandimplementatiorissuesfacedin this effort andpresentsa functional picture of
how the resultingsystemworks. Specifically a descriptionof how a small applicationprototypedin CommonLisp
hasbeenmodifiedto work with a particularcognitive modelingervironment,and how the taskmodel's functionis
conductedwith respectto the actionsand needsof the userand the applicationis given. Throughout,references
aremadeto the elementf Clark’s theory of languageuseasjoint actionthe modelingwork strivesto address.In
particular thework is concernedvith cognitively modelingelementf the applicationtaskthathave the potentialto
be establishecas commongroundbetweenthe applicationandthe user and canbe usedby the simulatedcognitive
functionin the userinterfaceto aid the userin understanding@ndcarryingout the taskitself. Only a portion of the
applicationtaskhasbeenmodeledsuficiently enoughto credibly demonstrat¢he statedgoalsof this effort, but two
examplesof how commongroundis usedby the systemarediscussedn detailin Section3.5.

Theworking systemis calleda taskmodeltracing systembecauseognitionis simulatedoy “tracing” application
eventsin thetaskmodel.No attemptis madeto modelthe useof naturallanguageInsteadtheinteractionmedium—
functionally, thelanguageusedby the userandthe computer—is the standardhoint-and-clickparadigmsupportedy
graphicaluserinterfacesjn which userscommunicateredominatelyvith a mouseanda keyboardandthe interface
communicatepredominatelywith actions,options,andstatementén its display In particular thetaskmodelinter-
actively sharests knowledgeof the taskwith the userthroughreports,composef predeterminedentencesand
similarly predeterminecdvisorieghat are presentedn the form of checkboxlists. All of this materialis displayed
in a specialwindow designatedor this purposehow andwhenthe materialis choserfor displayis afunction of the
taskmodel.

Sincethetaskmodeltracingsystemrepresentan effort to simulatecognitionin a userinterfacefor purpose®f
human-computenteraction thefocusin thework presentedhereis notonissuesof commongroundin thedesignof a
corventionaluserinterface but on the problemof computationallymodelingcommongroundbetweertheapplication
andtheuserasanaccumulatie procesgseeSectionl.2).
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Thetaskmodeltracingsystemcomprisesour componentsthe hostapplication the cognitive modelingerviron-
ment(acomputationasimulationof thehumancognitivearchitecture)thetaskmodel,andsomeadditionalconstructs
neededo roundoutthesystem.Thegeneralelationshigetweerthesecomponentss shovnin Fig. 1. Thehostappli-
cationimplementsaninformationervironmentfor carryingout animaginaryplanningtask. The cognitive modeling
ernvironmentcanbethoughtof asa processofor thetaskmodel,which itself canbe thoughtof asakind of cognitive
program.Theremainingcomponengroupstogetherall of the modificationsandadditionsto the systemandthe user
interfacethat permit the userto interactin a directmannemwith the taskmodel,and provide the taskmodelandthe
applicationprocessewith accesso eachother To appreciatdhow thecomponent®f thetaskmodeltracingwork to-
getherit is first necessaryo understandhe basicfeaturef thecognitive modelingernvironmentandtheimplications
this ervironmenthasfor the designof thetaskmodel.

Host application Cognitive modeling environment
(implements task environment) (processes task model)

Modifications and Task model

additions (cognitive model of task)

Fig. 1 — Thefour component®f thetaskmodeltracingsystem

3.3 ACT-R

ACT-R (AndersorandLebiere,1998)is oneof a smallnumberof unifiedtheoriesof cognitionthathave emeged
in recentyearsasaresultof whatis sometimegalledthe“information processingevolution” in thecognitive sciences
(SimonandKaplan,1989).Also calledcognitivearchitectures unifiedtheoriesof cognitionaremoreor lesscomplete
proposalsaboutthe structureof cognitionthatstrive to accountfor thefull rangeof cognitive behaior with asingle,
coherentsetof mechanismgNewell, 1990; Anderson,1993). Computerimplementation®f cognitive architectures
provide what are effectively structuredorogramminganguagedor simulatingandmodelingcognition. ACT-R has
beenusedto provide compellingaccountf high-level cognitionin a wide variety of circumstancecluding navi-
gation,scientificdiscovery, languagecomprehensiorand problemsolving (AndersonandLebiere,1998). A central
claim of the theoryis thatcognitive skills arerealizedby productionrules—if-then constructghataccountfor mary
of theproceduratharacteristicef cognition(Anderson,1993)—andassuch, ACT-R is aninstanceof amoregeneral
computationaframevork known asaproductionsystemProductiorsystemarchitectureave emegedasadominant
tool for complex cognitive performancanodeling(Klahr etal., 1987)andhave provento bewell suitedfor cognitive
researchn human-computeinteraction.

ACT-R differs from other productionsystem-basetheoriesof cognitionin a numberof ways that makeit a
goodchoicefor studyingcertainaspectof commongroundin a cognitively augmentediuman-computeinteraction
ervironment. Among thesedifferencesarethe way it views knowledgeandthe control of attention,andthe way it
accountdor theperformanceharacteristicef memory Conceptuallythetheoryfunctionsattwo levels,onesymbolic
andthe othersubsymbolicinformationis processedtthe symboliclevel in thesenseof how it is acquiredused,and
stored.At the subsymbolidevel, informationis processedh neural-liketermsusingcontinuouslyarying quantities
thatdetermindts availability andspeedf accessamongotherthings. Sincecognitive modelingin ACT-R takesboth
of theseprocessindevelsinto accounta sketchof each,relevantto thework in this report,is givenin the next two
sections.
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Fig. 2— A diagramof mostof thefeaturesf the ACT-R architectureat the symboliclevel

3.3.1 Procedual andDeclarative Knowledge

Figure2 shavsthat ACT-R dividesknowledgeinto two kinds of symbolicmemory—declaiative andprocedual.
Declaratve knowledgeis essentiallythe kind of conceptuabr factualknowledgepeopleare aware of knowing and
areusuallyableto recall. In ACT-R , declaratve knowledgeis representeth aform known aschunks which canbe
thoughtof asindependent;oherenhodesof information. Chunksarestoredin a“long-term” declamativememoryand
aremodelednotationallyaspatternsof slotsthatareassignedraluesthat arethemseles otherchunks,for the most
part. A given,arbitrarypatternof slotsdefinesa genericchunktype, andinstancespecifythis in a specialresered
slotknown asanisaslot. As anexample theuser from thecomputers pointof view in anACT-R modelof aseggment
of human-computeinteraction mightberepresentedsaninstanceof a“participant” chunkasfollows:

user
isa participant
label “user”
attend no

Thechunkis givenanarbitraryname,in this casetheword user, andits type, participant, is shavn in its isa slot. This
chunktype happengo have two otherslots,a label slot and an attendslot, andtheir valuesin this instancearealso
shawn in the example.

In ACT-R, chunksare created,stored,modified, and retrieved throughthe action of productionrules Produc-
tion rules(or simply “productions”) are symbolic representationsf proceduraknowledge—essentiall\pehaioral
skills—thatarestoredin a separatdong-termprocedual memory They arecalled“rules” becausesachproduction
pairsa setof conditionswith a setof actions
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C (a set of conditions) is true
then
carry out A (a set of actions)

A rule’s conditions,which are simply a template arealwaysexpressedn termsof a privilegedchunk,known as
the goal, andotherchunksin declaratve memorythat mayberelatedin someway. ACT-R orchestratethe focusof
attentionin cognitionthroughalast-in-first-out(LIFO) stackmechanisnthatis managedy sequencesf production
rule actions. The architectureoperatesn cycles To becomethe currentgoal, a chunkmustbe createdor retrieved
from declaratve memoryby a productionasoneof its conditions,andthen“pushed”onto the stack. At the startof
eachcycle, ACT-R first chooses productionthat matcheshe currentgoal andthentries to matchthe productions
other conditionsagainstthe chunksin declaratve memory This processcalled conflict resolution is describedn
more detail in Section3.3.2. As soonasa correspondingsetof matchingchunksis found, they areretrieved and
boundto the production,andtheinstantiatedesultis “fired” (its actionsarecarriedout); this finishesthecycle.

Several of theactionsa productioncantakeareshavn in Fig. 2. In additionto creatingchunksandselectinggoals
by pushingchunksontothestack productionscanalsomodify andremore (or “pop”) thecurrentgoal. Whenachunk
is poppedoff of thegoalstack, ACT-R returnsit to declaratve memory Cognitivemodelsmustalsobeableto interact
with theirervironment,andACT-R handleghis by allowing themodelerto addchunksdirectly to declaratve memory
(simulatingperceptionandby allowing productiongo simulate“physical” actionsthroughLisp functioncalls.

ACT-R’s distinction betweendeclaratve and procedurarepresentationsf knowledgefits well with the general
characterizatiomf commongroundasboth knowledgeandprocessemphasizedh this report(Sectionsl.1 and3.1).
The knowledgecomponenf commonground—informatbn thatis presumedo be sharedby the participantsin a
joint activity—correspondso adeclaratve representatiom ACT-R. Theprocessomponenbf commonground—the
coghnitive skills participantsemployto accumulateand usethe knowledgecomponent—corresponds a procedural
representatioiin ACT-R. For instance,in Clark’s characterizatiorof the threepartsof commongroundin a joint
actvity atany moment—nitial commonground the current stateof the joint activity, andthe public eventsso far
(Section2.3.2)—eaclpartcanberepresentedsabodyof declaratve knowledge,in theform of chunksthatis shared
by the participants.The cognitive skills that eachparticipantemploysfrom momentto momentto update maintain,
andusethis body of shareddeclaratve knowledgehe or shepossessesanberepresenteth proceduraform asa set
of productionrules.

A similar correspondenceanbe seenin the termsClark usesto formally describethe natureof commonground
(Section2.5.1). Here, both the notion of a shaed basisandthe notion of a propositionthatis commongroundfor
the membersof a communityarewell suitedto beingrepresentedieclaratvely aschunks. The role of indication—
the ideathata sharedbasisindicatesa propositionto all of the membersof the community)—isideally represented
procedurallyasa productionrule. ACT-R’s goal stackfacilitatesthe relationshipbetweenthesetwo representational
formsof knowledge.Whena declaratve, sharedbasisis salientandin focusfor the participantsn ajoint action,it is
theirproceduraknowledgethatcarriesoutthe cognitive procesof inferencethatindicateshedeclaratve proposition
takento bein theircommonground.In ACT-R, this relationshipbetweerknowledgeandprocessn commonground
canbemodeledby pushinga chunkcorrespondingo a sharedasison the stack,makingthis sharedasisthe current
focus,or goal. Productionrulesthat matchthis goal thenrepresenprocessesf inferencethatleadto propositional
elementof commonground.Both declaratve knowledgeandproceduratepresentationsf cognitive skill areneeded
to provide a computationahccountof commongroundin ACT-R .

3.3.2 RationalAnalysisand Subsymboli®’rocessingn ACT-R

Althoughtheacrorym ACT hasa numberof variants,the Rin ACT-R standsfor Andersons rational analysisof
cognition,atheorythattakescognition’sadaptve capacitiego beanoptimizedevolutionaryresponseo the statistical
characteof theernvironment(Anderson,1990). Using Bayesianestimationtechniquesg¢orrespondencdsetweerthe
ervironments demandsindperformancen awide variety of cognitive phenomenaincludingrecall, catgorization,
causalinference andproblemsolving, canbe understoodasrationalbehaioral adaptationsvhenanalyzedn terms
of costvs benefit. Theinsightsof this theoryandits useof Bayesiarmethodsarethebasisof ACT-R’saccounbf how
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the cognitive architecturgunctionally processeiformationat its subsymbolidevel. There,chunksandproductions
areeachsubijectto continuouslyvarying levels of activation, which reflectestimationf theirimportancebasedon
previoususe.

The consequencesf subsymbolicprocessingn ACT-R are expressedat the symbolic level in the processof
conflictresolutionmentionedoreviously in Section3.3.1. At the beginning of eachcycle, ary numberof productions
may happento matchthe currentgoal, but in ACT-R they areorderedin termsof their expectedgain. This ordering
is calleda conflictset Eachproductions expectedgainis a measureof how likely the productionis to be usefulin
completingthe activity representedy the goal chunk,basedon pastexperienceandan estimateof how mucheffort
the activity will taketo complete.Thefirst productionin the conflict setgetsa chanceto matchthe remainderof its
conditions but if thisfails for somereasonthenext productionis immediatelyconsidereé@ndsoon,until theprocess
is resohed. Eachproductions succes®r failure in the conflict resolutionprocessds thentakeninto accountwhen
ACT-R baginsthenext cycle.

Theproces®f matchingaproductionsnongoakonditionsduringconflictresolutionis alsosubjectto a probabilis-
tic measure—thactivationlevels of candidatematchesn declaratve memory ACT-R’s strat@y for assigninghese
valuesreflectsthe circumstancesf eachchunk’s currentandpastuse.Chunkactivationvaluessene two purposesn
conflict resolution—toorderchunksso thatthe mostactive matchfor eachconditionis choserandto determinethe
effort neededo retrieve the matcheswhichis usedin the estimationof expectedgain.

Althoughthespecificdetailsof ACT-R’s subsymboliccomputationgredifferentfor productionrulesandchunks,
atagrossetevel, they have certaincharacteristicéy common.A centraffeatureof thetheoryis thatthesequantitiesare
“learned” (increased}hroughuseandaresubjectto decayover time. In particular learnedchunkactivationvalues,
which reflectfrequeny andreceng of use,canbe usedto representhe salienceof declaratve representationg
memory Salienceplaysanimportantrole in joint actions—itenablegheparticipantdn joint actionsto find solutions
in their commongroundto the problemof coordinatingeachof the subordinateactionsthat contribute to their joint
actsof communicatior(seeClark’s “principle of joint salience’in Section2.4.1;seealsoSection2.6.1). An example
of how this subsymbolicmeasureof saliencecan be usedto indicatea propositionin commongroundis given in
Section3.5.

To work (i.e., to run), ACT-R modelsmust be processediy the ACT-R simulation of the human cognitive
architecture—mucllike computerprogramsrequire particularoperatingsystemsand processorgo run. ACT-R’s
cognitive modelingervironmentcanbe configuredto work with or without mostof the component®f the theory’s
subsymbolicprocessing.The advantageof this arrangemenits that cognitive modelscanbe developedin stagesor
canbe organizedto addresspecificconsiderationsin part, both of theseapproachesave beentakenin developing
the modelpresentedn this part of the report(i.e., Section3); however, not all of ACT-R’s subsymboligprocessing
mechanism#ave beenutilized. Theaim hasnot beento createa highly plausiblecognitive modelbut to appreciate
anumberof computationaproblemsuserinterfacesacein simulatingthe cognitive demandof commongroundin
interactionswith users.

3.4 The TaskModel Tracing System

This sectiontakesup the considerationsaisedin prototypinga systemin which alimited setof task-relateaogni-
tive skills is simulatedn anapplicationuserinterfacewith an ACT-R model. Thewidespreacdomplaintthatcomput-
erslack ordinarycognitive skills suggestshatusersrecognizeaninherentpsychologicabndsocialdimensionin the
propositionof human-computeinteraction(comparewith the notion of “social interactionof machines’in Norman,
1992).Thecurrentwork is motivatedin partwith thisin mind, andby theconjecturethatif usersvantapplicationgo
beableto reasorasthey do, perhapgundamentatognitive principlesshouldunderliethe computations.

Thereare certain practical shortcominggo an approachthrough cognitive modeling. For instance like most
other productionsystemarchitecturesACT-R is written in CommonLisp, and this makesit difficult to integrate
with systemswritten in otherprogrammindanguages.The optionsareto communicatehroughaninterapplication
communicatiorprotocolor to work entirelyin Lisp. Thelatterrouteensuresnoreflexibility andis takenhere but this
hasalsomeantthatthe entiresystemincursthe slow performanceof aninterpretedanguage Anotherdifficulty lies
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in thefactthatcognitive modelingis noteasy It is, at best,aninherentlyiterative processandremainsa difficult and
intuitive, if principled,art. While theworking modelpresentedheresucceedin demonstratinghe basicproposalf
thisreport,substantiallyjessthanthefull applicationtaskhasbeenfunctionallymodeled.

The taskmodeltracing systemis comprisedof a prototypedapplicationcalleda “mission plannef’ which im-
plementsan imaginary military planningtask and an ACT-R model of a portion of this task. The ACT-R model
implementghetask-relatedognitive skills the systemis designedo simulateandis the partof thesystenreferredto
asthe“task model”throughouthis chapter Theworking systemalsoincorporates copyof ACT-R’s cognitive mod-
eling ervironment,which is generallyreferredto as“ACT-R” The modelingervironmentis neededothto process
thetaskmodelandfor its commandset,which is usedto controlthe model's operationsaandto modify its state. The
systemis calleda“task modeltracing” systenmbecauseask-relatedventsare“traced” in thetaskmodelasthey occut
Thesystems goalis to supporta userinterfacethatcanaccumulat@ndusetask-relateacommongroundwith its user
As adomain task-relate&ommongroundis takento be knowledgeof andabouttask-relatednteractionsandthetask
itself. In generalthetaskmodelkeepgrackof theusers activities andthe statusof thetaskby monitoringapplication
events. The usercanalsointeractdirectly with the task modelthroughan additionalwindow, which augmentshe
missionplanners userinterface(Section3.4.2). In this “task modelinteractionwindow,” the usercan promptthe
taskmodelto shareits task-relatednformation and makerecommendationsyhich the usercanthen have the task
modelcarryout. Actions carriedout by thetaskmodelarealsotakento be element®f task-relatedcommonground.
The taskmodelinteractionwindow anda numberof additionalprogrammingconstructsequiredto coordinatethe
operation®f thetaskmodelandto facilitate code-level interactionsdbetweertheapplicationandACT-R roundoutthe
taskmodeltracingsystems components.

Most of the effort requiredto implementthe taskmodeltracingsystemhasbeendevotedto addressinghe prac-
tical issuegaisedin deriving the taskmodel. Typically, ACT-R modelsimplementall or mostof the declaratve and
proceduralknowledgeof interestandthen usethe architectureo modelinteractionsamongtheseelements. Ordi-
narily, knowledgethatis implementedeforehands derivedthroughan iterative procesf taskanalysisandmodel
building, andthis is the approachthat hasbeentakenhere. Hence,the declaratve and proceduralrepresentations
thatinitially makeup the taskmodeltracingsystems baseof task-relatecknowledgemoreaccuratelyrepresenthe
systems potentialcommongroundwith the user The taskanalysisprocesanusttakeinto accounta large number
of considerations—thkevel of task-relatedietail, theinteractionmodel,the usermodel,whatthe taskmodel's com-
putationalfunctionsare,and how thesefunctionswill be synchronizedwith the activities of the restof the system.
Theseandotherrelatedconcernsrediscussedh the sectionghatfollow, beginningwith a descriptionof themission
planningtask.

3.4.1 ABrief Descriptionof the ApplicationTask

The applications task domainis very roughly that of a military strike planningtool. Conceptuallythe useris
presentedvith a scenaridn which a limited supplyof tanks,fuel, andmunitionsmustbe usedto engageneof three
targetdestinationgitvariousdistance$rom abaseof operationsn animaginarygeographyAll necessarinformation
aboutmissionresourcesindthedestinationgs availableto theuserin theplannersuserinterface . Mary of thefactors
the usermusttakeinto consideratiorin planninga missionare interdependentandto further complicatematters,
tanksfacea numberof probabilisticrisks of failure in both traveling to andengagingdestinations.The application
userinterface,mostof which is shavn in Fig. 3, utilizes a standardpoint-and-clickparadigmfor userinteractions
andis composedf several dialog-boxstyle windows in which the usercanstudyandselectdestinationsequipand
allocatetanks,andevaluatethe succes®r failure of a mission. The users mostfundamentabbjective is simply to
“go on amission; andto dothis, he or shemustchooseat leastonedestinatiorandallocateat leastonetank. Only a
portionof thetaskrepresentedly this objective hasbeenthoroughlymodeledn thework presentedhere—specifically
thatportionthatentailsthe procesf choosinga destinatiorfor the mission.Otherfacetsof this objectve have been
partially modeledput arenotintendedto berepresentedscomplete.

3.4.2 TaskModelFunctions

Thetaskmodelhassereral functionsit mustbeableto carryoutif thetaskmodeltracingsystemis to participate
with the useron a cognitive level in the conductof the missionplanningtaskasa joint activity. In the languageuse
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Fig. 3— A screenshobf the prototypedmissionplannerapplication

approacho human-computenteractionemphasizeth thisreport,interactionsdetweertheuserandthecomputerare
viewedasactsof communicationTheuserandthe computethave strikingly dissimilarandlimited waysof signaling
eachotherin the task modeltracing systems graphicaluserinterface—theusers presentationgre limited to the
semanticassignedo the point-and-clickformat provided by the system,andthe systems$ presentationgarelimited
to whatit candisplayanddo—hut aninteractionmodel of this kind is neverthelessa language.In Clark’s enlaged
definition of languageuse ,all formsof signalingmustbeincluded(Sectionl.1).

In eachof its interactionswith the userthen, ideally the task modeltracing systemis takento be a participant
in a joint actionin which it is eitherthe addresseeor the presentet (i.e., signaler). In joint actionssuchasthese
betweerpeople commongroundis determinedhroughsubordinatgoint actionstheparticipantsarryoutin cognition
(Sections2.6.1and 3.2). Thus,the taskmodel's functionis to simulatethe cognitive portion of the systems partin
eachjoint actionthat, dependingon its role asaddresseer presenterrespectiely completesor promptsthe users
cognitive actions.

For instancewhenthe systemis the addresseethe users input is takento be the first part of a joint actionthe
systemis obligedto complete. As part of this obligation, ideally the systemmustdo more thanjust receptiely

*Thetermpresenteiis usedheresimply to denotethe addressingarty (i.e., theaddressor)lt is not specificallyintendedto connotethe level
of presentingusedby Clark asatechnicaltermto designateneof severalsubordinatectionsa speakefi.e.,a presenterfarriesoutin aladderof
joint actions(Section2.6.1,p. 13). Presenteris usedherein favor of speakeror signalerbecauset bestconnotesoththe demonstratie actions
anddisplayactionsgenerallyseenn human-computeinteraction.
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(andreflexively) processhe users input—aresponsehat correspondsnostcloselyin Clark’s action-laddewniew of
joint actions(Section2.6.1)to the subordinate|ower level joint actionsof executing-and-attendingnd presenting-
and-identifying,andis only a portion of what a joint action shouldentail. If the system-as-addressésto fully
completethe joint actionthe userhasstarted,it mustalsocarry out its partin the ladders upperlevel, subordinate
joint actions—computationallyhe taskmodelmustrecognizevhatthe useris signalingandconsiderwhatthe user
is proposing.Thesearecharacteristicallycognitive actionsthat peopleregularly expecttheir addresseet® carry out
in joint actwities. Ideally, it shouldbe no differentin userinterfaces. Similarly, whenthe systemis the presenter
the explicit actionit takesin the form of whatit displaysor doesis takento be the first part of a joint actionthat
requiresthe users participationto complete.Using the commongroundit presumabljhaswith the user the system
throughits taskmodelshouldsimulatea cognitive componenin this actionthat promptsthe users recognitionand
consideratiorof what (proposals}he systemis signaling.Figure4 illustratesthe taskmodeltracingsystenview of a
human-computejoint actionschematically

Presenter’ s part: Addressee’ s part:
R level 4 . .
(cognitive actions) Proposing s CoOnsidering (cognitive actions)
Signaling — Recognizing
P level 2 e
(explicit actions) Presenting vl |dentifying } (receptive actions)
Executing — Attending

Fig. 4 — A schematiaepresentationf ajoint actionwith thetaskmodeltracingsystem

Beforelooking more closelyat the taskmodel's functionsin joint actionswhenthe systemis the addresseand
whenit is the presenterit shouldbe notedthat the task modeltracing systems interactionmodelis essentiallya
nonmixedinitiati vedesign. By “nonmixed initiative; it is meantthat all task-relatedactiities mustbe initiated by
the user andthat neitherthe applicationnor the task model are empaveredto makeindependentecisionsabout
the task and/ortake actionson their own. In joint actvities, the term initiative attemptsto capturethe notion of
who initiates or proposesa joint action that takesthe form of a joint project (Section2.6.2) and whosegoalsare
dominant(comparewith Clark'sdimensiorof governancén Section2.3). Initiativeis usuallymixedin joint activities
betweenpeople—atappropriateor even inappropriateimes, ary participantcantakethingsin a new direction. In
human-computeinteraction,mixed initiative is seenwhene&er a systemis designedo interruptusers(McFarlane,
1998)or otherwiseact autonomouslyn interactive circumstances(SeeCohenet al., 1998for a suney of issuesin
modelinginitiative.) Sinceinterruptionsandotherunpromptedr unclearbehaiors canbe disorientingfor usersijt is
generallyrecommendethatusersalwaysbemadetheinitiatorsof actionsin interactiondesign{Shneiderman1 998).
This recommendatiohasbeenfollowedfor userinteractiondn thetaskmodeltracingsystems interfaces—bottthe
missionplannershovn in Fig. 3 (p. 23) andthetaskmodelinteractionwindow, which is describedaterin this section
andshawn in Fig. 5(b).

In the taskmodeltracingwork describechere the systemis takento be the addressea/heneer the userinitiates
aninteractionwith the missionplanneror with the taskmodeldirectly in the taskmodelinteractionwindow. In its
role asaddressedhe taskmodeltakeseachuserinteractionwith the the missionplannerandthe systems response
(essentiallyapplicationeventsandfeedback)asa new elementof commonground. So, for example,whenthe user
clicks on a widgetin the missionplanners Mission Composemwindow, suchasthe Map Window buttonin Fig. 3
that opensup a map of the task’s imaginarygeography(Fig. 5), the task model mustnote this andthe result (the
displayof the mapwindow), becaus¢heseeventsarea basisfor informationthatshouldnow be commongroundfor
boththe userandthe system.In addition,the taskmodelshouldmakenoteof ary task-relatedmplicationsof these
events(i.e., propositiong that may reasonablype known or of useto the user (Comparethesefunctionsof the task
modelwith Clark’s formal definition of commongroundgivenin Section2.5.1;also, seethe materialat the end of
Section3.3.1.) The mostimportantimplication of this sortthatthe taskmodelkeepstrack of (or traces)in the task
modeltracingsystemis anassessmermif the statusof thetask. In doingthis, andin keepingirackof interactionevents
in the missionplannerwhenthe systemis the addresseahe taskmodel,throughits initial andestablishecommon
groundwith the user maintainsa recordof the secondandthird partsof the joint activity’s commongroundat the
moment—respeately, the currentstateof thejoint activity andthe public eventssofar (Section2.3.2).
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Whenthe userinitiatesaninteractiondirectly with thetaskmodelin thetaskmodelinteractionwindow, he or she
is consideredo be promptingthe taskmodelto participatein the taskasa presenter The task-model-as-addressee
in this casedoesnot specificallynotethe users promptasa basisfor commonground,but insteadtakesit asits cue
to changerolesandmakea presentation Ideally, taskmodel presentationshouldbe of useto the userandsupport
the advancemenbf the task. With this in mind, but noting that eachclassof presentatiorbehaior impactson the
compleity of the taskmodelin termsof its informationrequirementsand its organization,the task modeltracing
systemimplementdts presentations threeforms—reporting advising anddoing. Thefirst two of thesetaskmodel
presentationfunctionsare display-basedind are always presentedat the sametime in the task modelinteraction
window (Fig. 5(b)). Eachis intendedo givetimely, task-relatednformationto the user aswell asto reinforceeachof
thethreepartsof task-relatedcommongroundat the moment.Throughits reportingfunction,thetaskmodelpresents
the userwith a summaryof task-relatedventsthatarerelevantto the currentstatusof the task;this correspondso a
selectve representationf the public eventssofar aswarrantedy the currentstatusof thejoint activity. Thesystems
initial commonground with the user—thefirst part of the task's commongroundat ary moment—isrevealedin its
reportsthroughincidentalreferenceso elementf the userinterface specificinteractiontechniquesandfeaturesof
the task,etc. Much the sameis true for the presentationsnadeby the taskmodel's advisingfunction. In this form
of presentationthe taskmodelattemptsto contribute to the advancementf the taskby recommendindask-related
actionsthe usermay wish to take, baseddirectly on the task model's assessmertf the current state of the joint
activity, andimplicitly onits representationf the public eventssofar. Further theserecommendationarepresented
in aninteractive formatthatallowstheuser athis or herdiscretion to have thetaskmodelcarrythemoutindividually.

Map Window Task Model Interaction Window

Summary:

Your task is to plan a mission and go on it.

The Mountain Village is selected in the Destination Choic
es List.

The Open Supply Pool and Tank Outfitter Dialogs Button is
ho longer enabled.

You've opened the Light Tank Qutfitter dialog window.
You've opened the Heauy Tank Outfitter dialog window.
You've opened the Supply Pool window.

Desert Camp

Possible actions to take (check one):

[ A destination must be assigned for the mission.

[ vou can inspectany destination by double-clicking on its
narme.

[ consider opening the rmap.

(@) (b)

Fig. 5— Screenshotsef (a) the missionplanners mapwindow and(b) thetaskmodelinteractionwindow

The task model's ability to carry out actionsit recommendgonstitutesits doing function. Carrying out task-
relatedactionsfor the useris justasmucha form of presentatioras are userinputs becausehe actionsthemseles
signaltransformationén thetaskactwity the participantcan(andshould)obsenre. Any suchtask-relategvent—not
justtheonesinducedby the user—shouldsene asa sharedasisfor commongroundbetweertheuserandthesystem.
Consequentlyaspartof its doing function, thetaskmodelmustbe ableto keeptrack of its own interactionswith the
missionplannerandtheresultingapplicationeventsfor essentialljthe samereasonghatit keepgrackof thosedueto
the user—to maintaina currentrecordof the systems task-relateccommongroundwith the user

In summary in its function as addresseehe task model simulatesthe cognitive componenbf the task model
tracingsystems joint actionswith the userprincipally by keepingtrack of theimportanceof task-relatedipplication
eventsand by assessinghe statusof the task. Computationally thesesimulatedcognitive actionsare intendedto
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correspondo and completethosecarriedout by the useraspart of the joint actionthat correspondso eachof his
or her interactionswith the missionplanner Cornversely in its function as presenterthe taskmodel simulatesthe
cognitive componenbf its presentationgasthe first partof a joint actionwith the user)by usingits representation
of the task’'s commongroundat the momentasa basisfor summarizingthe progresf the taskandrecommending
appropriatecoursesof action. Further the task model dravs on elementsin this samerepresentatiomf common
groundwhenit carriesout ary of its recommendationfor the user How the task modelsimulatesthesecognitive
functions,both in termsof knowledgeand processand a numberof relatedmethodologicaissuesare coveredin
detailin the next threesectionspeginningfirst with a descriptionof the methodologyof modeltracingandits usein
thetaskmodeltracingsystem.

3.4.3 ModelTracing

It wasmentionecdearlyin Section3.3thata centralclaim of the ACT-R theoryis thatcognitive skills arerealized
by productionrules(Anderson1993). Thereis a sizablebody of empiricalevidenceto supportthis—asanearlytest
of thepsychologicateality of productiorrules, ACT-R wasusedasthe basisof aseriesof successfulcomputerbased,
intelligenttutoring systemg¢Anderson1987).In thesesystemsproductionrulesweretakento bethe basicgrainsize
of cognition, andthe operationalpremisewasthat the skills being tutoredideally could be decomposedgast,and
monitoredat this level. Thetutorsuseda methodologycalled“model tracing” to follow the students efforts andto
comparehem,productionby production,to the idealizedmodelof the skill beingtaught. Mistakeswererecognized
aserroneougroductionghatweresimilarly tracedin a representationf the studentandthis allowedthe systemto
intervenewith suggestiongndexplanations.

As interactive systemsmployingcognitive simulations thesetutorseffectively hadmary goalsin commonwith
thework presentedhn this chapter Not only werethe tutoring systemsn bonafide partnershipwith studentsmaking
thelessondegitimatejoint actiities, but muchof thecontentof theirinteractionsandthereforetheircommonground,
wascognitive in nature. Although the authorsof thesesystemswverein pursuitof a somevhat differentagendathe
modeltracingparadigmprovedto beanelegantschemdor keepingthe production-leel computation®f theirlesson
modelscongruentith studentactions.

In thework describechere,the modeltracing paradigmis similarly usedto monitor the users andthe systems
task-relatedctiities in the taskmodel—althoughnot necessarilyon a production-by-prauction basisandnot nec-
essarilyfor thesamémperatives,hencehemodifiedtermtaskmodeltracing However, therearemary parallels.Just
asamodeltracingtutor employsanidealizedrepresentationf a skill andpossiblemistakesn its lessormodelof the
student,so the taskmodeltracing systememploysan idealizedrepresentationf the applicationtaskandthe users
conceptualiew in its taskmodel. In both systemsmodeltracingis a reactive process—computatiorare carried
outin responséo userinputs—andn both, modeltracingsenesa dual purpose—tamaintainan up-to-the-moment
accounif the statusof the activity andto supportthe systems task-relatednteractionswith theuser

Taskmodeltracingandmodeltracingdiverge mainly in termsof theiragendasindtheir view of cognition.Unlike
modeltracing,taskmodeltracinghasno pedagogicahgenda—theseris “alwaysright” asa matterof policy (atleast
in this work) andthe taskmodel's only purposés to assistheuserin accomplishinghe applicationtask. Nor is task
modeltracinganattempto verify atheoreticabccounbf cognition. Interactionsandnot productionsaretakento be
the naturalgrain size of actwities in applicationuserinterfaces;jnteractionsnherentlyvary in scopeandexpressie
power, anda traceof several productionamayberequiredatthe taskmodellevel to accountfor all thatis implied by
a giveninteraction. Taskmodeltracingdiffersfrom modeltracingin onefurtherrespect—whais traced. Only the
students cognitionis of interestin modeltracing—thecomputersrolein thetutoring processs viewed aspartof the
instructionalframework but not of interestin whatis beingmodeled.In contrastthe goalin taskmodeltracingis to
modelthe public andinferredstatusof the taskasa joint actiity beingpursuedby both the userand the computer
Consequentlythe actionsof both aremonitoredandtracedin taskmodeltracing.

3.4.4 TaskAnalysisand TaskModeling

Taskanalysidiesattheheartof modeltracingschemesandtaskmodeltracingis noexception.Generallytheterm
is takento meanan analyticalprocesof decomposing procedurataskand specifyingits parts. Taskanalysesare
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usedby practitionerdn mary fieldsfor avarietyof purposes—tdormalizea processto explicatea poorly understood
procedureto determinethe requirement®f a design,andsoon. In modeltracing,and moregenerallyin research-
orientedcognitive performancenodeling taskanalysiss oftenusediteratively, first to makeaneducatedjuessatthe
requirement®f a particularcognitive skill, andthento revise or refinethe correspondingepresentatiorrealizedin
modelform.

Thegoalof taskanalysisn taskmodeltracingis to gatherall of theinformationneededo createhetaskmodel—a
cognitivemodelof anapplicationstask,representettom theperspectiveftheapplication Thetaskmodel'spurpose
is to provide the applicationwith a capacityto simulatetask-relatecognitive actiities thatmay be of useto the user
To carry out this function, the taskmodelmustbe ableto work at a numberof differentlevels, mappingtask-related
eventsonto a working knowledgeof both the applications implementatiorof the taskandthe users concernsand
supportingdirectinteractionswith both the userandthe application(Section3.4.2). The scopeof the taskanalysis
processn taskmodeltracingis consequentlyarge andentailsa numberof conceptuallydifferentanalysegdescribed
as“phases’of analysisbelown). And, oncethe actualprocessof taskmodelinghasbegun, theseanalyseseedto be
revisitediteratively asthe organizationof the modeltakesshapeandotherpracticalconsiderationsrise.

Task analysisfor the purposeof cognitive modelingis essentiallya processof decomposingnformationinto
declaratve andproceduraknowledge. If, for example,partof a taskrequiresthe userto pressa button, a first pass
representationf thiswouldlikely entailrepresentinghebuttonasachunk,includingperhapsts stateof beingpressed
or not, andspecifyinganapplicablesetof productionrulesin simple“if-then” form. Sinceproductionrulesrepresent
whenandhow declaratve knowledgeis changedthe conditionside of theseruleswould specifyvariousdeclaratie
contets, andtheir action sidewould shov how the button pressimpactsotherdeclaratve representationsuchas
chunkscorrespondingo theimmediatefunction and/orsemantic®f the button. Fromthe users point of view, there
might also be other conceptuatonsequencegf the button press,suchasan understandinghat a parametefor an
indirectly relatedsubtaskhasbeenchangedandthis would beanalyzedn muchthe sameway.

For the applicationuserinterfaceto usefully simulatea setof task-relatecdtognitive skills, the taskmodel must
first possess core of backgroundknowledgeaboutthe taskandhow it is implementedy the application. A basic
representatiof this knowledgecan be developedfrom an analysisof the applicationitself, andthis shouldbe the
objectof thetaskanalysis'first phase In particular the goal hereis to characterizehe task’s proceduraddimensions
in termsof the implementation.For instanceif selectinga particularitem is a proceduralrequiremenpf the task,
the analysismustspecifythis in termsof how it is actually done. Building small, exploratory modelsof individual
seggmentsof thetaskwith ACT-R is a usefuladjunctto this phaseof analysis.

To supporta sharedoerspectie with theuserasit traceshe rudimentsof the task,the modelmustalsobe ableto
recognizeandrepresentvhatis beingdonein termsthe usercaneasilyunderstandConsequentlythe next phaseof
thetaskanalysisfocuseson characterizinghe taskfrom the users point of view. Thejob hereis to developaneasily
graspecconceptuatepresentationf thetask's componentshat canbe unified with the taskmodel'simplementation
knowledge. For instancethe model's task-lesel representationf the item selectioneventusedasan examplein the
previous paragraptwould likely be characterizeéh termsof theitem’s name,its role in parameterizinghenext step
in the task,and so forth. The users characterizatiorof this event, on the otherhand,could be thatit completesa
milestonein thetask(if in factit does),andit is importantfor the taskmodelto representhis. Goals,stratgies,and
meaningfulsequencesf interactionsareall usefulabstractiongor users.Modeling the taskin this way necessarily
involvesa degreeof subjectvity, but the challenges only to establisha viable degreeof initial commongroundwith
theuseron theseterms.Evena simple,carefully considerednalysiscanaccomplistthis.

The taskimplementatiorand userview modelsderived up to this point mustnext be unified and castasa set
of productionrulesand chunksto be processedy ACT-R. In anticipationof this effort, the task model's functional
organizationneedsto be workedout. As addresseand presenterthe taskmodelmustbe ableto follow andreason
aboutthetaskonanevent-by-erentbasis,andcontributeto thetask'sadvancementvhenthetaskmodeltracingsystem
is promptedfor its input (Section3.4.2). Although theseare conceptuallydifferentfunctions,they arenevertheless
interrelatedIn particular realizingandboundingthetaskmodel'sfunctionsin its role aspresentewill largely depend
uponthecomputationst carriesout asaddresseeMore to the point, thesefunctions,dependingon their role, mustbe
designedo work with eitherthe missionplanneror thetaskmodelinteractionwindow. For instancethetask-related
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knowledgederived up to this point will form the core of the taskmodels addresseéunction and mustbe ableto
responddirectly to specificapplicationevents,for it is in this portion of the taskmodelasa whole thatthe systems
basicmodeltracing actiities will occut Hence,an organizationalprocessmustbe imposedon the taskmodelto
coordinatethe actionsof its individual functionsandto enableit to work asa whole with the restof the system$
applicationanduserinterfacecomponentsSimulatingthis asanadditionalcognitive processn ACT-R would gowell
beyondthegoalsof thiswork. Thecompromiseemployecdhereis to organizethetaskmodelinto a partialhierarchyof
goal-basedtageghatareinvokedandmanagedlirectly by the applicationandthe taskmodelinteractionwindow as
appropriate How thisschemeavorksandis implementeds describedn detailin Section3.4.5. Themodeltracingcore
of thetaskmodel’s addresseéunctionis the first of thesestagesandit’ s processingnustbe promptedby eventsin
themissionplanner Thesefactorsmustbetakeninto accountasthe knowledgederivedsofar is unifiedandrendered
asanACT-R model.

Additional procedurabnddeclaratve representationareneededo supportandstagethe participatoryactionsof
the task model's presentatiorfunctions,and deriving theserepresentations the objectof the remainingphaseof
taskanalysis.Thetaskmodel’s participatoryactions—theoresentatioriunctionsgivenin Section3.4.2—requirghe
modelto beableto carryoutthreeseparatactivities:

1. Reporting: assessing and summarizing the status of the task,
2. Advising: anticipating and recommending relevant actions the user may wish to consider taking, and
3. Doing: performing recommended actions at the user’s discretion.

Eachof thesefunctionssupportsa differentinteractiongoal and playsa role in establishingcommongroundwith

the useraswell asadwancingthe joint activity of the task. All of the taskmodel’s presentatiorfunctionsdepend
directly on its representatiomf commongroundin the task, but are only neededvhenthe userpromptsthe model
directly for its input. Consequentlythe taskmodelstagests primary function—following the task—andits presen-
tation functions—reportig, advising,anddoing—separatelyin particular the modelfollowsthetaskin responseo

applicationeventsand makespresentation responseo directprompts. Internally, the taskmodel's stagingmech-
anismsareimplementedieclaratvely astop-level goalsthatare operatedbn procedurallyby stage-specificule sets.
Externally the systems controlof thesemechanismss supportedvith additionalapplicationanduserinterfacecode.

In additionto staging though,anothemodelingstratey is neededo orchestratéhetaskmodel’s presentationsit
issueis how presentationareto betiedto the statusof thetask.In ACT-R, only productionrulescancarryoutactions,
sothe statementslisplayedby the taskmodels reportingandadvisingfunctionsmustbe produceddy theapplication
of proceduralknowledgeto the currentstateof the model’s declaratve memory (Section3.3.1). In practice,this
meanghatthe modelmustcontaina substantiahumberof productionrulesfor makingpresentationsWhenthetask
modelis promptedjt mustdeterminavhich matterswarrantsummaryand/oradvice,andthenfire theproductionghat
matchthesemattersandthetask’s currentstatus.Later, whenthe statushaschangedandthe modelis promptedagain,
someof the samemattersmaywarrantanothempresentationbut anentirely differentsetof productionswill apply In
short,themodelmustcontainmary productiondor eachmatterthatwarrantgpresentations—potentigilonefor each
changen thetask’ status! A moreimportantconsiderationthough,lies in the problemof distinguishirg onestatus
from another If the taskis sufficiently representedis statusat ary pointwill correspondo the stateof the model’s
declaratve memory However, specifyingeachstatein termsof the uniquecombinationof task-relateddeclaratve
representationthat definesit is both unwieldy andimpractical. A differentapproachs neededandthe one used
hereassignsyamedo individual taskstatesandrepresentshe globalnotion of the task’s currentstatusdeclaratvely.
Transitionsarethen managedy a correspondingsetof productionrulesthatare stagedoy the modelaspart of its
addresseéunction afterit hasstagedits primary subfunctionof following the task. Figure 6 depictsthe principal
componentsn this process.Froma modelingperspectie, this strat@y for representingask statesandthe statusof
thetaskmakest possiblefor anindividual presentatiomule thatappliesto a particulartaskstateto betiedto it simply
by specifyingits name.

Thethird phaseof taskanalysiss concernedvith identifying taskstatesandtheir correspondingdransitionrules.
Beforecoveringthe processthough,recallthatin the secondphaseof taskanalysisthe aimis to abstracimportant
task-relatecconceptssuchasgoalsandstratgiesandsequencesf interactionsjnto representationthatarelikely to
be familiar andeasilygraspedy the user The rationalefor makingtheserepresentationa part of thetaskmodel's
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Declarative memory Procedural memory
chunks representing state-changing events: production rules changing task’s current status:

e t; {if goal = @2 and status =
chunk representing the task’s current status: and new-state = ..
then status = and...}

status t; {if goal = €2) and status =
andnew-state=[ 4 |,
chunks representing task states: then status=[ 4 |and...}

Fig. 6 — Representingaskstatesandthetask’s currentstatusin thetaskmodel. State-changingventsandtaskstatesarerepre-
sentedaschunksin thetaskmodels declaratve memory An additionalchunkrepresentinghe currentstatusof thetaskreferences
theappropriatdaskstatechunkin oneof its slots. Whenastate-changingventoccursin the application the chunkcorresponding
to it in thetaskmodelis madethe goal. A specificsetof productionrules(designated; andt; in this illustration) thencarry out
the appropriatdransition. (The actualprocesds more elaboratehanthis simplified versionindicates.) Theseactionsare staged
by themodelaspartof its addresseéunction. Thetaskstatesshown in this illustration correspondo the notion of taskjunctures
describedaterin this sectionon page30 et seq.

reasoningprocesss commonground—themodelis obligatedto sharethe users view if its participationin the task
is to be merited(Section2.5.1). However, it shouldbe understoodhat noneof theserepresentationareever placed
directly beforethe user Instead thesearethe very matterswith which the taskmodel’s presentatioffunctionsmust
work. Eachsenesin thetaskmodelproperasananchorfor all of themodel’s presentationen the matterit represents
declaratvely. In turn, eachof thesepresentationss anchoredo a taskstate. In the missionplanner for instance,
choosinga destinatiorfor the missionis a fundamentapart of the task,but only the notion of the destinatiormeeds
to berepresentedeclaratiely in the taskmodelproperto anchorthe larger models beforeand after presentations
on the matter Thus, evidenceof the model's accumulateccommongroundwith the useris exposedthroughits
presentationgrigure7 shows how theanchoringmechanisnworks. Eachtype of presentatioriunctionimplemented
in thetaskmodeltracingsystemaddressea differentconcern.Thereportingfunctionis intendedto corroboratehe
usersunderstandingf thetask,in part,with asummaryof thepublic eventssofar thatis relevantto the currentstatus
of the task,andthe advisoryfunctionis intendedto adwvancethat understandingvith appropriateecommendations.
Hence beforethe destinatiorhasbeenchosenthe modeladviseghat choosinga destinationis somethinghatneeds
to be done;after the choicehasbeenmade,the model confirmsthe significanceof the eventin its summaryof the
statusof thetask.

Identifying task states,then, is essentialfor making relevant presentations.In the languageuseview, it is a
fundamentapart of representinggommongroundin the joint activity of a human-computeinteractiontask. If the
representationdevelopedin thefirst two phase®f taskanalysiscorrespondnostcloselyto the notionof initial com-
monground modelingthetask’s statuscorrespondsnorecloselyto the notionof the current stateof thejoint activity
(Section2.3.2). In the applications userinterface boththe userandthe taskmodelsharean external representation
of their joint actvity (Section2.3.2andTable5) thatofferscompellingevidencefor their individual, but presumably
mutualrepresentationsef the actiity’ s—andhencethe task's—status.Its states asthey occur becomea matterof
public record—apart of what eachparticipantpresupposegin theory) arethe joint actiity’ s public eventsso far.
Consequentlyan analysisaimedat identifying the task’s statesandtheir correspondingransitionrulesshouldbegin
with ananalysiof how thesestatecorrespondo thestatesandtransitiondmplementedn theunderlyingapplication.
A practicalconcernfacedin this next phaseof taskanalysisthough,is to develop a stratgy for definingtaskstates
thatkeepstheir numberin checkandyet providesthe taskmodelwith aviable basisfor its participationin the joint
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Declarative memory Procedural memory
chunks representing task states: production rules for reporting:
r1{if goal =(A)and status = ...then...}
ra{if goal =(®)and status = [ 1 |...then...}
Y x ra{if goal=(A)and status=[ 2 |...then...}
. if I= d status = ...then...
chunk representing the task’s current status: ¥ r4{! goal =(©)and status en...
rs{if goal =(B)and status = ...then...}
status production rules for advising:
a, {if goal = and matter = (B)...then.... }
chunks representing presentation matters: ax{if goal = and matter = (C)...then ...}
* as{if goal = [ 2 ] and matter =(C)...then...}
@ * a4{if goal = [ 2 ] and matter =(D)...then...}
@ @ as {if goal = [ 3 ] and matter =(D)...then...}

Fig. 7 — Anchoringproductionrulesto presentatiommattersandthe currentstatusof the task. In additionto task statesandthe
currentstatusof the task(seeFig. 6, p. 29), mattersthatmaywarrantpresentations—concéyal elementf the usersview of the
task—arerepresenteés chunksin the taskmodel’s declaratve memory The taskmodel’s display-basegresentatiorfunctions
(reportingand advising)aremadeup of mary productionrules (designated; anda; in proceduraimemoryin this illustration).
Eachruleis anchoredhe subjecof its presentatiomnd/orwhenit shouldbepresentedby specifyingthecorrespondingresentation
matterandtaskstatuschunksasa partof its conditionfor firing (i.e., in its if clause) Notethatwhena matteror thetask’s statuss
usedasthetaskmodels goalis afunctionof how thetaskmodeltracingsystemimplementshe presentatioprocesgseematerial
onthetaskmodels presentatiorfiunctionsatp. 34 etseq.in Section3.4.5). Dependingon thegoal (notshownin thisillustration),
the productionamarkedwith anasteriskarethosethatarecurrentlyapplicableto the stateof the taskmodels declaratve memory
asit is depictedhere.

actity. The approachadoptedfor taskmodeltracingis to decomposéhe taskinto a setof goal orientedstepsthat
aretakento beof interestto the user It shouldalsoberecognizedhatinteractingwith the applicationis conceptually
differentfrom accomplishinghetask—if,for instancetheapplicationprovidesmorethanoneway to accomplishary
task-relatedstep,therewill not be a one-to-onecorrespondencieetweerthe two statespacesDependingon the user
interface ananalysisof this naturecanquickly becomea large project,andthechallengds to managets compleity.
It maynot be possibleor desirableto exhaustirely determineall possiblecorrespondencesn addition,the usermay
find sometaskstatesubjectvely moresignificanthanothers—gpointthatis underscoretly Clarkwhenhedescribes
how peoplekeeptrack of activities by forming annotatedecods andoutlines(Section2.3.2).

The stratgy developedherefor identifying and modelingtaskstatesjntroduceghe termtaskjuncture to denote
ary applicationstatethatis part of a direct pathto the task’s goal. An exampleof a juncturein the missionplan-
ner would be the applicationstatereachedby performingthe actionsrequiredto choosethe mission’s destination.
Juncturesio not correspondo applicationstatesthatare not on a direct goal path. Retrieving informationabouta
destinationrmay helpthe userto decidewhetheror notto chooset, but placingthe applicationin this statedoesnot
move thetaskforward. An applications setof juncturesaretakento beits task’s conceptuallysignificantstates.

Taskjuncturesaregenerallyorder dependentbut canalsobe orderindependentvithin groups. Figure 8 shavs
four examplesof how applicationstatescancorrespondo taskjunctures.All of thejuncturesshawvn in thefirst three
examples(Fig. 8 (a, b, andc)) are orderdependentywhereassomeof thoseshawn in the last example(Fig. 8 (d)),
specificallyjunctures.J; through.J;, are not. The waysin which applicationstatescombine,relative to their order
independencalefinethe correspondingaskjunctures.In the simplestcase(Fig. 8(a)), applicationstatesarelinearly
orderedand,so,correspondlirectlyto orderdependentaskjunctures:for linearly dependenjunctures/; andJ; 1, it
is necessaryo first reach.J; in orderto thenreachjunctureJ; 1, andsoon. Thenext two examples(Fig. 8(b andc))
shav how orderdependenjuncturescorrespondo applicationstatesn othercircumstancedn Fig. 8(b), application
states;, which canbereachedrom s;, is not task-related.In Fig. 8(c), applicationstatess; ands; arefunctionally
equivalentin termsof the task.
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(@) (b)
tar @ goal
JO(Sstart) Jl (32) JQ(Sgoal) JO(Sstart) Jl(si = Sj) JZ(Sgoal)

(d)

B

JO(Sstart) Jl (Si | Sj) J‘z(Sgoal) JO(Sstart) Jl e J7 JS(Sgoal)

Fig. 8 — Four examplesof how applicationstatess may correspondo taskjunctures/ (compareexample(d) with Fig. 9)

Taskjuncturescanalsooccurin groupscorrespondingo applicationstateghatarelocally orderindependentin
generalfor asetof n suchstatestherearen? — 1 correspondingaskjunctures.In the exampleshowvn in Fig. 8(d),
thethreestatess;, s;, ands; mustall bereachedefores,,,;, thegoalstate canbereachedYet, eachcanbereached
directly from s,;4,-: aswell asfrom eachother Hence thesethreeapplicationstatesarelocally orderindependentin
this example,taskjuncture.J, correspond$o s,:q,:. But sinces;, s;, andsy areorderindependentthey correspond
to agroupof 32 — 1 juncturesthat are determinedasfollows. Junctures/; .J», and.J3 correspondo having only
reachedhe respectie, singlestatesof s;, s;, ands;, directly from s,;4,:. Since,from eachof thesejunctures two
moreapplicationstatesnuststill bereached—irary order—befores,,,; canbereachedthenext threejunctures,/s,
Js, and Jg, respectiely correspondo having reachedhefirst of thesetwo remainingstates.Putanothermway, task
junctures/y, Js, and.Js correspondo having reachedrespectiely, the two statess; ands;, s; andsg, ands; and
sk, regardlesof order (For instance /4 correspond$o having reachedstates; firstandthens;, or having reacheds;
firstandthens;; eitherway, states, mustbestill reachedhext befores,,,; canbeachieved.) Finally, then,juncture
J7 correspond$o having reachedill threeof s;, s;, andsy, again,regardlesf order Notethatjunctures/y, J,, and
J3 asagroupareorderindependentsoare ./, and.Js asagroupwhenapproachedrom J;; andsoon. Thetransitions
in Fig. 8(d) areshovn moreexplicitly in Fig. 9.

The conditionsthatdeterminewheneachtaskjuncturehasbeenreachedmustalsobe identifiedand castaspro-
ductionrules. With theserulesin place,the taskmodelis ableto representhe situationat ary pointin the users
performanceof thetaskin the form of a juncture. Managingcomplexity in this phaseof analysisthough,is essen-
tially a processof compromise A particularlyusefulapproactcanbeto identify junctureshierarchically identifying
first the major componentf the task andthenworking through specificapplicationstatesat progressiely lower
levels. It is alsoimportantfor thetaskmodelto representapplicationstatesghatare not taskjunctures(suchass; in
Fig. 8(b)), especiallywhenthey aregermando the users understandingf thedemand®f the task. Onestrateyy for
modelingsuchstateds to treatthemasconceptuaklementf thetaskstatego which they areconnectedanexample
of thiswill bediscussedn Section3.5.
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Jl (32) Y J4(8i&8j)
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Jg(sk) _ J6(5i&5k)

Fig. 9 — A differentview of Fig. 8(d)

Theobjectof thefourth—andast—phasef taskanalysids to developthetaskmodel's substantre presentations.
In the presentwork, the model's reportingfunction is composedf productionruleswhoseactionsinclude direct
outputof summarytext. The advisoryfunction hasbeenorganizeddifferently—it is composedf productionrules
thatcanbe fired. Oncethesecomponent®f the largertaskmodelhave beendeveloped,they will constitutethe task
model's actualpresentationsln practice this phaseds the mostiterative andinterwoven analysisof the four because
it dependsheavily on the emeging organizationof the taskmodelanda variety of practicalconsiderationsnherent
in the applicationervironment. Examplesof how thesepresentationappeamandareusedin the missionplannerare
givenin thenext section.

3.4.5 ADescriptionof the Full Systemn Opelation
Conceptuallythetaskmodeltracingsystemdescribedn this chapteris composeaf:

1. A host application: the prototyped mission planner.

2. ACT-R : the ACT-R simulation of the human cognitive architecture.

3. A task model: the declarative and procedural representations of the application task, derived iteratively through
task analysis and model building, which are processed by ACT-R .

4. “Glue™: supplemental user interface and system code and routines necessary to permit the user to interact with
the task model and to permit the task model to participate in the task.

Exceptfor thetaskmodel,whichis writtenin the ACT-R cognitive modelinglanguagegachof thesecomponentss
writtenin CommonLisp, andall functiontogetheiin the Lisp ervironmentasa single,unifiedprocess.

The hostapplications userinterfaceis madeup of several windows, all but one of which are shovn in Fig. 3
(p. 23). Theremainingapplicationwindow, which shavs amapof the missionsgeographyis shovn in Fig. 5(a). The
otherwindow shown in this figure (Fig. 5(b)) is the “task modelinteractionwindow.” This window, which permits
the userto interactwith the taskmodel, is not part of the applicationproperbut augmentsts userinterfaceandis
availableto the userat all times. Whenthe systemis launched pnly the large “Mission Composer'window andthe
taskmodelinteractionwindow areopened.Theapplications otherwindows areopenedduringthe courseof thetask
throughbuttonpressesr by doubleclicking onindividualitemsin the Mission Composers tankanddestinatiorlists.

3.4.5.1 BasicModel Tracing Activities

As the userinteractswith the applicationandapplicationprocessingpccurs,the applicationalsodrivesthe task
modeltracingprocesslt doesthis eachtime a task-relatedventoccurswith a glue routinecalledupdate-model that
runs ACT-R (andhence,the taskmodel). Ordinarily, ACT-R is run until the modelhascompletedthe immediate
processof updatingits representatiorf the task. This actiity of tracing applicationeventsin the task modelis
repeatedsteadilyuntil the userchoosedo interactwith the task modelthroughthe task modelinteractionwindow
(describedelow).

To stagebothits modeltracingfunctionandits otheractvities, the taskmodelusesa specialhierarchyof goals.
Thetopmostgoalin this hierarchyis a chunkof type hold that carriesthe currenttaskjuncturewith it in oneof its
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slots. Thisis the samechunkshawn in Figs.6 and 7—labeled'status”for clarity—thatis usedby the taskmodelto
representhe currentstatusof thetask. Thehold chunkis privilegedbecausét is never removed from the goal stack.
It is usedinsteadto indicatewhenrunningthe modelshouldbe stopped.Thus,wheneer the taskmodelis at restin
the contet of the full taskmodeltracing system ACT-R’s goal stackis empty exceptfor the hold chunk,which is
deliberatelyleft on top. To runthe model,the update-model routinerelieson a subordinateglue routine calledstop-
at-hold. Thisroutinerepeatedlcyclesthe modelusingACT-R’srun commandvheneer thehold chunkis notontop
of thestack.To ensurghatthemodelwill run,theupdate-model routinemustalwayspushanothemgoalontothestack
beforeit invokesstop-at-hold. The goalit installsis achunkof typebookkeeping. This andtwo otherchunks,oneof
typeassessment andtheotherof typereport, makeup the next level in the model’s stage-relatedoal hierarchy;this
hierarchyis shovnin Fig. 10. An instanceof eachof thesechunktypesis usedto initiate a differentstageof thetask
model’s activities—thebookkeeping andassessment stagescarry out the taskmodel’s responsibilitiedn its role as
addresse@ndthereport stageinitiatesthetaskmodel’s presentatiorfiunctions.

stage-level goals

bookkeeping chunk

top-level goal

addressee function stages

hold chunk assessment chunk

(task model at rest)
report chunk presentation function stage. ..

Fig. 10— Taskmodelstagesindtheirrelationto thetop-level goalandthe taskmodel’s addresseandpresentatiofiunctions

In orderfor thetaskmodel'srepresentatioto remainfully abreasof task-relatedlevelopmentsn theapplication,
it is necessaryor the modelto have essentiallyunrestrictecaccesgo the applicationitself. Thisissuewasraisedat
thebeginning of Section3.4. If thehhostapplicationandACT-R wereto operatdn differentlanguageervironments jt
would be necessaryo factor the entireapplicationsothatit couldbefully accessedndcontrolledby thetaskmodel
via aninterprocessommunicatiorprotocol(see for instanceRitterandMajor, 1995). Sincethis approactalsowould
have requiredthe hostapplicationto be implementedrom the groundup, it wasnot pursuedn the presentwork in
orderto focus more directly on the issueof modeling cognitive aspectof commongroundin a human-computer
interactiontask?

Althoughthe taskmodelis effectively embeddedn the application,it is neverthelessa separatgrocesslt gains
accesgo the applicationby maintainingcopiesof task-relatedapplicationobjectsin specificslots setasidefor this
purposein its declaratve representationsf theseconceptuakntities. Whena task-relatedapplicationevent occurs,
it is incumbenton the applicationto both run the taskmodelandto presenit with copiesof ary applicationobjects
involvedin theevent. Thisis accomplishedneobjectat atime throughthe update-model routineanda chunkof type
code-reference thatis usedby the bookkeepingstagesolely for this purpose.In addition,eachtime the application
invokesthe update-model routine,it mustalsoidentify the chunkin the taskmodelthat correspondso the objectit
is presentindoy specifyingits label—a slot value that is associatedvith all suchconceptuakepresentations the
model. With this information, the taskmodeltracingprocesscanbegin. The update-model routine doestwo things
with the informationit hasreceved from the application—itassignghe copyof the applicationobjectit hasreceved
to thetaskmodel's code-reference chunk,andit locatesthe chunkwhoselabelit hasbeengivenandmodifiesit to be
attendedo by themodelin theupcomingroundof modeltracing.It thenusesasubordinateoutinecalledpush-chunk
to pushthe bookkeeping chunkonto ACT-R’s stackandinvokethe stop-at-hold routineto runthe model.

Two stagesreinvolvedin thebasicmodeltracingactivities thetaskmodelcarriesoutin its role asaddressee—the
“bookkeeping”stageandthe “assessmentstage.The latteris devoted primarily to handlingtransitionsbetweerntask
junctures.In the bookkeepingstage the chunk specifiedby the applicationthatis to be attendedo is immediately
identifiedandboundto a slotin the bookkeeping chunk. This samechunk(not the bookkeeping chunk)is thenmade
themodeltracinggoal by pushingit ontothestack.If it hasnotalreadybeendonein anearlierroundof bookkeeping,

*An interproces€ommunicatiorapproachwas,in fact,initially takenin my earliestaskmodeltracingwork. Few if anyfully factoredsystems
werefoundto exist.
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the applicationobjectcarriedby the code-reference chunkis alsoboundto a correspondinglotin the modeltracing
goal. The core modeltracing productionrulesthentake over. During this phasethe modeltypically pushesand
popsan additionalgoal or two asneededo fully carry out its tracing activities. The productionrulesinvolved in

this processusethe modeltracing goal’s copy of its correspondingpplicationobjectand possiblythoseof other
chunksto verify theimmediatestateof the application.Junctiontransitioneventsarealsoidentifiedin this stage.The
applicationrepresenttheseeventsexplicitly by creatingdeclaratve representationfor themandpassingeachevent’s

labelto theupdate-model routine. A correspondingetof bookkeepingtageproductionrulesinterceptghesechunks
whenoneof themhasbeenmadethe modeltracinggoalandprimesthe modeldeclaratvely to changguncturesn the
assessmerstagethatfollows. (Figure6 shavs the state-changingrocess.)

As thebookkeepingtagecompletests modeltracingactivities, ary task-relatedjoalsthathave beenpushednto
thestackareremoved,includingthemodeltracinggoal. Thisrestoregshebookkeeping goalto thetop of thestack.The
modeltracinggoalwill beneededagainduringtheassessmerstage soit is now boundto theassessmestagesgoal
chunk (the assessment chunk). The bookkeepingstagecompletests actwities by “cleaning up” the bookkeeping
and code-reference chunks(binding their critical slotsto neutralvalues,which readiesthemfor the next round of
bookkeeping)xand thenreplacingthe bookkeeping goal chunk on the stackwith the newly configuredassessment
goal,signalingthe beginning of the assessmerstage.

The task model now turnsits attentionto assessingts representatiorof the task’s statusandto managingits
supportfor the presentatiorfunctions. The bookkeepingstages modeltracing goalis pushedback onto the stack
and,at the sametime, a copy of this chunkis addedto an externallist calledthe *report-list* thatis usedby one of
the presentatioriunctions’ glueroutinesin the “report” stage(seebelaw). Thereinstatednodeltracinggoalis then
evaluatedby a specificsetof assessmerdtageproductionrules. All but one of the rulesin this setare anchoredo
the currenttaskjuncture,andall are partof alarger setof rulesthat representransitionsbetweentaskjuncturesin
the taskmodel. (Essentially the productionrulesdenoted; andt; in Fig. 6 representnembersof this set.) When
the goal represents: transitionevent, the taskjunctureindicatedby the correspondingdransitionrule is installedin
the privilegedhold chunk—thetaskmodel’s topmostgoal—by a further setof assessmergtagerulesdedicatedo
this purpose.If no transitioneventhasoccurreda fall-back rule—theone not anchoredo the currentjuncture—is
applied.In eithercasethemodeltracinggoalis thenpoppedandtheassessmerstagecompletests work by cleaning
up its goalchunkandary otherutilitarian chunksit hasusedin the process.The assessment chunkis thenpopped,
restoringthehold chunkto thetop of the stack.

3.4.5.2 PresentationFunctions—Reporting, Advising, and Doing

Up to this point, only the taskmodel's passie actiities have beendescribed.To interactwith the task model,
the userpresses button labeled“Prompt” in the taskmodelinteractionwindow (Fig. 5(b)). This buttoninvokesa
glue routinecalled prompt-task-model thatis one of several usedto supportthe taskmodel's presentatioriunctions.
Promptingthe modelresultsin a two-partdisplay of informationin the task modelinteractionwindow. Both the
model’s reportingand advisoryfunctionsareinvoked. In the upperhalf of the window, the model’s reportfunction
presenta summaryof thetask’s status;n thelower half, the model's advisoryfunction presentaninteractive list of
recommendethsk-relatedgctions.

Althoughthetaskmodelcarriesoutits modeltracingactiities—its addresse&inction—essentiallysa running
model,the major part of its presentatiorfunctionsis carriedout in a more fragmentednannerasan iteratedseries
of shortmodelrunscoordinatedy glue routines. The prompt-task-model routinebeginsthe presentatioprocessy
calling a subordinateoutine namedreport-task-status. This routineinitiatesthe models “report” stageby pushing
the last of the model’s three stage-relatedjoals—thereport chunk (Fig. 10)—onthe stackand running the model
with the stop-at-hold routine.A dedicatedroductionrule immediatelyflagsthis goalto indicatethatthereportstage
is in progressandthenreplacest on the stackwith the chunkthat correspondso the currenttaskjuncture. When
stop-at-hold commenceshe next ACT-R cycle, a productionrule in the report stages proceduraimemorymatches
thejunctureandissuesa correspondingentence-lengthtatementhat broadlysummarizeshe task’s statusandthen
popsthe goal,exposingthehold chunk. The summarysentencés notimmediatelydisplayed put is storedin a buffer
called*report-buffer which is displayedall atonceatthe endof thereportstage.
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With the hold chunknow on top of the stackagain,stop-at-hold ceasedo run the model,andcontrolis returned
to the report-task-status routine. A subordinateroutine namedget-reports is usednext to generateary additional
summarystatementshatmay be relevantto reportingthe currentstatusof thetask. The get-reports routinedoesthis
usingthe*report-list* of modeltracinggoalchunksthatis managedy theassessmerstage(seeabore). Thesechunks
arethe presentatiormattersdepictedin Fig. 7. Oneat a time, eachchunkin the list is pushedonto the goal stack,
andthe modelis run via the stop-at-hold routine. This allows thereportstages proceduramemoryto matchthegoal
andissuea summarystatementjust aswasdoneat the beginning of the reportstagewith the currenttaskjuncture.
If for instancein Fig. 7, the mattersnamedA andC have both beenaddedto the *report-list* duringthe assessment
stage andthe currentstatusof thetaskis 2, asis shavn, thenthe productionrulesrs andr, markedwith asterisksn
proceduramemorywouldapplyin successioduringthis processin generalthereportstages proceduramemoryis
composedf rulesthathandleall of the modelsjuncturedependenandjunctureindependenteporting.Eachgoalis
immediatelypoppedafterit hasbeenmatched Any correspondingontributionsto the statusreportarealsobuffered
in the*report-buffer* list.

Whenthe get-reports routinecompletests work, control returnsagainto the report-task-status routine. The hold
chunkis againontop of thestack,andnow report-task-status initiatestheendof thereportstageby pushingthereport
chunkbackontothestackandrunningthemodel. Anotherdedicategroductiorrule unflagsthereport goal,indicating
thatthereportstageis now complete andthenremovesit from the stack.With thehold chunkexposedagain,control
now returnsto the prompt-task-model routine, which immediatelydisplaysthe contentsof the *report-buffer* in the
upperportionof thetaskmodelinteractionwindow, completingtheactionsof taskmodel'sreportfunction(Fig. 5(b)).

The prompt-task-model routineturnsits attentionnext to orchestratinghetaskmodel's advisoryfunction. It does
this by calling a subordinateroutine namedanticipate. In the taskmodel describedhere,the advisoryfunction is
conceved asa subsetof the model's productionrulesthat matchthe hold chunkwhenit is the goal andthe model
is atrest. Sincethe hold chunkcarriesthe currenttaskjuncturewith it in oneof its slots,an advisoryfunctionrule
thatcorrespondso a particulartaskstateonly needgo specifythe correspondinguncturein its goal condition. The
anticipate routinetakesadwantageof this designby forcing ACT-R to generatats conflict set(Section3.3.2)without
runningthe model. Again, for instancejf in Fig. 7 the currentstatusof thetaskis 2, asshavn, the productionrules
as anda, markedwith asterisksn proceduramemorywould makeup this conflict set. The advisorystatementshat
the modelpresentdor a given stateof the taskare carriedby the correspondingproductionsin a technicalfeature
known astheir “documentatiorstring” Oncethe conflict sethasbeengeneratedthe anticipate routineextractseach
productionsdocumentatiostring. Thesearethencollectively passedo a subordinateoutinecalledprint-anticipation-
explanations thathandlegheir displayasa groupof checkboxsin the lower half of taskmodelinteractionwindow

(Fig. 5(b)).

Thetaskmodels advisoriesarepresentedsa suggestiorist of recommendationthatthe modelanticipatewill
beinformative andwill contributeto theadvancemenbof thetask.Eachrecommendatioalsorepresentanactionthe
modelcancarry out for the userat his or herrequest.Collectively, theseactions,andthe proceduralinddeclaratve
representationisl thetaskmodelthatareneededo carrythemout, constitutethethird of thetaskmodel's presentation
functions—its“doing” function (seeSections3.4.2and 3.4.4). The print-anticipation-explanations routineconfigures
the advisorylist, asa practicalmatter sothat only onerecommendatiocanbe checkedat a time. Whenandif the
userwishesto have the taskmodelcarry out a recommendedction,he or sheclicks onits correspondingheckbox
andthenpresseshe taskmodelinteractionwindow’s “Do It” button (Fig. 5(b)), which invokesa glue routinecalled
force-rule-to-fire.

Sincethehold chunkis still ontop of thestack,aftertheforce-rule-to-fire routinehasidentifiedthe productionrule
thatis to befired, it sidestepshe stop-at-hold routine,makestherule known to ACT-R, andrunsACT-R directly for
onecycle. This firestherule. Eachof the productionrulesthat makeup the taskmodel's advisoryfunction, when
fired, immediatelypushesa new goal ontothe stackthatidentifiesthe specificactionthe modelis to carry out next.
After this occurs,the productionsthat makeup the taskmodel's doing function take over. With the hold chunkno
longerontop of the stack force-rule-to-fire now useshe stop-at-hold routineto runthemodel. Theactionrepresented
by the goalis thencarriedout by a specificgroupof rulesthatmustaddresshe parametersf the actionanddrive the
applicationdirectly. The parametersf the actionmustbe derived from thetask's accumulateddcommonground,and
anexampleof how ACT-R canbeusedto accomplishthisis describedelow in Section3.5. Driving the application



36 DerekBrock

directly posesadifferentproblem,sincetheapplicationitself ordinarily drivesthetaskmodel’s modeltracingfunction
throughits invocationsof the update-model routine. The solutionis to suspendhe update-model routine’s ability to
call stop-at-hold while the force-rule-to-fire routineis in effect, andto makeit the doing function’s responsibilityto
carryout the modeltracingactities thatwould otherwisebe invokedby the application.This allows the taskmodel
to traceits own task-relatedctions.

3.4.5.3 Summary of the Systems Operation

Figure11 presents@ conceptuabverview of thetaskmodeltracingsystemshaowving how its majorcomponents—
the missionplannerapplication, ACT-R, the taskmodel,and supplementasystemcodeandroutines,referredto as
“glue”—arerelatedto eachotherandinteract.

Throughits taskmodel,the taskmodeltracingsystemimplementsaninteractive cognitive simulationof a portion
of themissionplanningtaskdescribedn Section3.4.1.The simulationis an ACT-R procesghatmodelsthetaskasa
joint activity in which the systemparticipatesn joint actionswith theuseraseitheraddresseer presenterdepending
onthenatureof theinteraction.As theaddresseahetaskmodelpassiely accumulatesask-relateccommonground

ACT-R (processes task model)

Application Task model Task model
(“mission planner ;" addressee function interaction windo w
includes system (augments applica-
glue routines) application Bookkeeping tion user interface;

events includes system
Assessment

glue routines)

presentation functions

. user
Reporting orompts
Advising reports and
suggestions
carrying out . user
user requests Doing requests
User inputs

Fig. 11— A high-level view of theprincipalcomponent®f thetaskmodeltracingsystem.Throughits taskmodel,thetaskmodel
tracing systemimplementsa cognitive simulationof the processof accumulatingcommongroundwith the userin the mission
plannertaskasan ACT-R process.Using a numberof supplementatglue” routines,the systemrespondgo userinputsin both
the missionplanners applicationuserinterfaceandthe taskmodelinteractionwindow, which augmentst. As addressedhetask
modelrespondgo applicationeventsby stagingits bookkeepingandassessmaeriunctions,which carry out the systems coretask
modeltracingactiities. Whenthe userpromptsthe taskmodeldirectly in the taskmodelinteractionwindow, the task model’s
reportingfunction is stagedandthenits advisingfunctionis carriedout. The resultingpresentations—aummaryof the taskand
a suggestiorlist of recommendedctionsthe taskmodel can also carry out individually for the userat his or her request—are
shawn in thetaskmodelinteractiorwindow. Whenthe userchooseso have thetaskmodelcarryoutarecommendatiorit’s doing
functionfiresthe productionrule associateavith therecommendatiorandthencarriesout therequesby interactingdirectly with
the application. Interactionsbetweenthe taskmodelandthe applicationare alsotracedby the taskmodels addresseéunctions
(comparewith Fig. 1).
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with theuserin responseo hisor herinputs,whicharemodeledaspresentationsAs thepresenterthe systems$initial
andaccumulate@ommongroundis thenusedto determinevhatinformationshouldbe usefulto displayandhow the
systemshouldproceedf theuserchoosedo have the systemcarry out arecommendatioit hasmade.

The taskmodel's addresseéunctionis driven by the missionplannerwhentask-relatedapplicationeventsoccur
in responseo userinputs. To do this, the applicationis modifiedto invoke and supply model-specifictask-related
informationto asystemglueroutinecalledupdate-model thatsenesasa controlinterfacebetweertheapplicationand
thetaskmodel. Whenthetaskmodelis run by theupdate-model routine,its addresse&nctionis orchestrateavith a
hierarchyof specialgoalsthatstagethe systems$ basicmodeltracingactivities. Thetopmostgoalin this hierarchythe
hold chunk,is usedto halttherunningmodelandis neverremosedfrom ACT-R’s goal stack. This samechunkis also
usedby themodelto specifythe currentstatusof the taskasa taskjuncture(Section3.4.4). Two of thethreegoalsat
thenext level in thehierarchyareusedto carryoutthe addressetunction. (Thethird goal,describedelaw, is usedto
stagea presentatioriunction.) During the “bookkeeping”and“assessmentactivities stagedby thesegoals,thetask
modelfollows the taskandaccumulatesask-relateccommongroundby tracingapplicationeventsand updatingits
representationf thetaskandthetask’s status.

In additionto working with the missionplanner the usercaninteractdirectly with the taskmodelatary time by
promptingit in thetaskmodelinteractionwindow, which augmentsheapplicationsregular userinterface(Fig. 5(b)).
Whenprompted this window displaysa summaryreportof taskactivity andan advisorylist of task-relatedsugges-
tions. The suggestiongre recommendationabouthow to proceedin the taskthat are presentednteractively asa
groupof mutually exclusive checkboxs. Individual recommendationsanbe carriedout by the modelat the users
discretionby choosingonein thetaskmodelinteractionwindow andpressinghewindow’s“Do It” button.

The summaryreportsandrecommendationthetaskmodeldisplaysin thetaskmodelinteractionwindow andthe
setof actionsit cancarryout for theusercollectively makeup thetaskmodels presentatioriunctions.Eachof these
functionsis carriedoutby thesystenin adifferentway. Thereportfunctionis stagedy thetaskmodelusingthethird
of thethreegoalsunderthehold chunkin the hierarchyof goalsusedin stagingthe model'sbookkeepingandassess-
mentactiities, but is controlledby a glueroutinecalledprompt-task-model thatrunswhenthetaskmodelinteraction
window is prompted.Thetaskis thensummarizedy pushinga seriesof goalchunksaccumulatedn theassessment
stageontothe stackandrunningthe taskmodelincrementally;reportfunction productionrulesthatareapplicableto
thesegoalsgenerateeachsggmentof thereport. Thetaskmodel’s advisoryfunctionis alsocoordinatedy the prompt-
task-model routine. Presentationsf recommendedask-relatedictionsaremodeledasa setof productionrulesthat
matchthe hold chunk—whichspecifiesthe task’s status—wherthe taskmodelis at rest. Individual rulesrelevant
to a specifictask stateare anchoredo that stateby specifyingthe appropriateaaskjuncturein their goal condition.
Theserulesarethenidentifiedin the prompt-task-model routine,andtheir correspondingresentationaredisplayed
asa setof checkbors, by forcing ACT-R to passiely generatdts conflict set—thesetof productionrulesthatare
applicableto the currentgoal. The taskmodelimplementsts doing function—itscapacityto individually carry out
theserecommendations—witthe help of an additionalglue routine, force-rule-to-fire, thatforcesACT-R to fire the
associategrroductionrule whenthe userchecksa recommendedctionand presseshe Do it button. This pushesa
goalrepresentinghe actionthe taskmodelis to performonto the stack,andthe runningmodelthencarriesout the
actiondirectly by interactingwith the applicationasa user Sinceall task-relatedpplicationeventsaretakento bea
basisfor commonground,the taskmodelmustalsotraceits own presentation-orienteidteractionswith the mission
planneraspart of its doing function—justasthe userpresumablymonitorshis or her own userinputs. Section3.5
presentswo differentexamplesof how thetaskmodelis ableto usecommongroundin its presentations.

3.5 CommonGround in TaskModel Presentations—Tvo Examples

The centralpremisebehindthe idea of task modeltracingis that human-computeinteractioncan be usefully
likenedto a joint activity betweentwo people. Although in one sensean interactive applicationis only a tool, in
anothersensdts computationahaturemakesit a legitimate—albeitlimited—patrticipantin the activity it hasbeen
designedo support. What limits an applicationmorethan arything elsein this role is a generallack of the kinds
of cognitive skills a personin its placecould be expectedto possess.Although taskmodeltracingis certainly an
attemptto examinethe natureof this limitation throughcognitive modeling,the larger concernin the work presented
hereis not so muchwith how suchskills canbe simulated,aswith whatskills areneededn thefirst place. Clark’s
work emphasizethatwhat participantdn joint activities makeuseof arecognitive skills thatsupportthe possession,
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accumulationand useof commonground—andhatit is throughthe exerciseof theseskills that advancemenin
joint actiities may be characterized As part of their commonground,peoplecounton eachotherto possessuch
skills andlook for evidenceof their presencén eachother’s presentationg orderto capitalizeon them.Whenthese
skills arefoundto bewantingor missing—ineffect, whenthereareimbalancesn commonground—communication
is hamperedandjoint ende&ors becomeproblematic. The more capableparticipantmustwork harderandbe more
resourcefulto bring aboutthe goalsof the joint activity—and this is exactly the situationa useroften facesin the
context of human-computeinteraction.

If cognitionis to be simulatedin a userinterface thenit mustbe designedo do morethansimply reasoninde-
pendentlyaboutthe task—tobe credibleanduseful,it mustbe designedo convey the extent of its commonground
with the userthroughits presentationsThis works at severallevels. For instancejt canbe assumedhatthe useris
interestedn how the applicationcanassistn performingthetask,sotheapplicationshouldbe preparedo makethis
sortof informationreadily available. As the taskadwancesthe users representationf it asa joint actiity steadily
accumulateslt shouldbe easyfor the userto corroboratethis understandingvith the applications own versionof
things—whathasbeendoneandby whom. And in instancesvherean actionthe usermight ordinarily performhas
beendelegatedto theapplication theremaybe parametersvhosesaliencecanbe determinedn the basisof theaccu-
mulatedcommonground,andthe applicationshouldchooseaccordingly Two examplesdetailinghow thetaskmodel
for the missionplannerbehaesin specificsituations,one computationallystraightforwardandthe otherexploiting
one of ACT-R’s subsymbolicprocessingnechanismsare given hereto illustrate how the taskmodeltracingwork
describedn thisreportseekgo addresshesepoints.

Thefirst exampleconcernghe missionplanners mapwindow (Fig. 5(a)). Thiswindow is notdisplayedwvhenthe
applicationis first openedput accesgo it is available by pressingthe Map Window buttonin the missionplanners
large MissionComposewindow (Fig. 3). Whentheuserpromptsthetaskmodeldirectly andthe mapwindow hasnot
beenopenedyet, oneof the suggestionshe taskmodel's advisoryfunction presentss that the usershouldconsider
openingit. Openingthe mapis not anactionthatdirectly movesthetaskforward,but it is neverthelessanimportant
partof the applications supportfor the taskbecausét presentghe userwith a usefulrepresentatiof the mission
geographylndeed,oncethe mapwindow hasbeenopeneda taskanalysisshoulddocumenthattherearea number
of task-relategpropositionsaboutmissiondestinationghatcannow beinferredby the systemto be commonground
onthesharedasisof whatis shavn in themap,suchas,for example eachdestinationsrelative distanceandcompass
directionfrom the“Base” shavn in thelowerright corner RecallthatClark formally definescommongroundin terms
of propositionsthatfollow from sharedbaseqSection2.5.1). Althoughthis particularinformationis not currently
a part of the taskmodel, otherelementsof commongroundrelatedto openingthe mapwindow are. The actitself
of openingthe mapwindow is a public event, with certaincharacteristicsthat readily senesas a sharedbasisfor
propositionsthat both the userand the systemshouldhold in commonafter its occurrence.Sincethe task model
canalsoopenthe window whenits recommendatioo do sois shovn in the task modelinteractionwindow, one
characteristiof the event afterit hastakenplaceis simply who carriedit out—thesystemor the user Anotheris
the simple fact that the window is now open. As a participantin the joint actiity of the task, how the taskmodel
usestheseand othermundanebut task-relatedietailsin ary of its subsequenpresentationss importantbecausef
the evidenceof commongroundthis providesfor the user Thus,oncethe mapwindow hasbeenopenedunlessit is
closedagain,the systemappropriatelyno longerincludesarecommendatioto openit in its advisorylist. Insteadto
corroborateheusersown recordof whathastranspired—th@ubliceventssofar—areferenceao thewindow’shaving
beenopenedandby whom,is presentedn the taskmodel’s summaryreport. If the userhassubsequentlglosedthe
map,the summaryreportreflectsthis too, but the taskmodelalsoaddsa subsequentecommendatiomaboutlooking
at the mapagainto its advisorylist.* Whatis importantaboutthis exampleis thatit demonstratebow task-related
commongroundcanbe modeledandusedby a userinterface.As a sharedasis,eachcharacteristi@ssociateavith
apublicly occurringapplicationevent—inthis case ppeningandclosingthe mapwindow—canbe identifiedthrough
a taskanalysis. Throughfurther analysis,how thesecharacteristicgan be usedby both the userandthe systemto
adwancethetaskcanalsobeidentified. A computationamodelcanthenbe developedfor the systems$ useof these

*Whenthe userhasopenedthe window, the taskmodel’s summaryreports,“Y ou have openedhe mapwindow.” Whenthe actionhasbeen
carriedout by thetaskmodel,thereportreads, The systemhasopenedhe mapwindow for you! After themaphasbeenclosed,thetaskmodel
reports,“The mapwindow hasbeenopenedandclosed; andits advisorylist recommendsiConsiderlooking atthe mapagain’ (Notethatthisis
differentfrom theinitial recommendatiorfConsideropeningthe map?)
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elementf commongroundin orderfor it to participatein the joint actiity of the task. Wheninteractionsbetween
the userandthe systemareinterpretedasjoint actions,it is computationsuchasthesewhich functionally simulate
cognitionwhenthe systemis the addresseandwhenit is the presenterthatserne to complemen{andcomplete}he
cognitive skills theusernaturallybringsto thetask(comparewith Fig. 4).

The next examplelooks at how one of ACT-R’s subsymboligprocessingnechanismganbe usedto computea
form of salienceonthebasisof accumulatedommonground. Thedestinatiorassignmenits oneof thebasicdecisions
thatmustbe madein carryingout the missionplanningtask. Beforethis decisionis made,it is possiblethatthe user
will first wantto learnsomethingabouteachof the destinations.In additionto what canbe gleanedfrom the map,
destinationstatusinformation is availablein the applications “Destination Status”window whenthe userdouble-
clicksonary of thenamesshowvn in thelist labeled‘Choices:” in the MissionComposewindow (Fig. 3).* If theuser
promptsthe taskmodelbeforehe or shehaschoseradestinatiorby moving it to thelist labeled‘Assignment:”in the
MissionComposerthemodelwill recommendn its advisorylist thata destinatiormustbe assignedor the mission.
In addition,if the DestinationStatuswindow hasnotbeenopenedyet, themodelwill advisethatthiscanalsobedone
(theseadvisoriescanbeseenin Fig. 5(b)). Shouldthe userchooseo pursueeitherof theserecommendationthrough
the taskmodelinteractionwindow, it will be necessaryor the modelto makea choicefor the user In otherwords,
both actionshave a destinationparameterbut which destinationshouldthe model choose? The mostinteresting
solutionto this problemfrom the point of view of the task’'s commongroundis to choosethe destinatiorthatis the
mostsalienton the sharedasisof its interactionhistory—herewhenandhow mary timeseachdestinatiorhasbeen
explicitly partof auserinteraction.If thereis nosuchhistory, thenthechoiceis arbitrary Butif theuserhasclickedon
ary of thedestinatiomamesn the Mission Composerand/orhasalreadyinvestigatedary of themin the Destination
Statuswindow, theseeventscanbetakento be in thejoint activity’ s commonground,andtheir occurrencecanbe
modeledasabasis albeitimperfect,for inferring the users choice. Thus,to keeptrackof the cumulatize significance
of theseevents, ACT-R’s subsymbolicchunk activation mechanism(Section3.3.2) is usedby the taskmodelasa
measureof the users interestin eachof the destinationsofar in thetask! As currentlymodeled,eachdestination
baginsin thetaskwith anequalamountof activation,andthesevaluesthenvary in time asthe modelrunsaccording
to their frequeny andreceng of use. In the eventuality thatthe userfirst examinessomeor all of the destinations,
andthendecidego have the systemcarry out the assignmentthe productionrule in thetaskmodel's doing function
responsibldor parameterizinghe actioncapitalizeson this componenbf declaratve learningin ACT-R’s theory of
memoryretrieval andmatcheshe mostactive destinatiorasoneof its conditions.! In carryingoutthis partof thetask
afterthe userhaspresentedvidenceof his or herdispositionin the matter the systemin effect facesa coordination
problem—uwhichdestinationdoesthe userexpectto be assigned?—thathouldbe solvable on the basisof common
ground.Whatthesystemandtheuserrequireis acoordinationdevice thatis jointly salientwith respecto their current
commonground,andfor the taskmodel,giventhe limitations of the interactionmedium,the mostactive destination
readily meetsthis criterion (seeprinciple of joint saliencein Section 2.4.1).

The two examplespresentedhereareintendedto demonstratéoth the viability andefficagy of a languageuse
approactio human-computdnteraction.In the precedingxpositionof taskmodeltracing,element®f Clark’stheory
of languageisehave senedthroughoutsthemotivatingbasisfor the designandfunctionof anapplicationtaskmodel
writtenin ACT-R thatis usedasa meandor simulatinga setof task-relatecdtognitive skills in the applications user
interface.In particular from adesignperspectie, interactiondbetweertheuserandthe systemcanbeusefullyviewed
asa layerof actionin which the userandthe systemare participantsin a joint activity whoseprincipal goalis the
conductof the applications task. Interactionsbetweenthe userandthe systemin the courseof this joint actiity
canbeinterpretedasjoint actionsin which both participantsvariouslyassumehe rolesof addresseand presenter
To carry out joint actionsthat involve meaningand understanding@boutthe task—andhence,constitutelanguage
use—thesystemmustbe ableto carryoutits partin subordinatgoint actionsin cognitionwith the userthatrely on
the existenceandaccumulatiorof task-relateccommongroundfor their conduct. Ultimately, suchjoint actionscan
be seenascoordinationproblemsthat mustbe solved on the sharedbasisof commongroundin orderto advancethe

*The DestinationStatuswindow opensto theright of the Mission Composer Also notethatall threedestinatiomamesareinitially shavn in
thelist of destinatiorchoicesin the MissionComposer

t“Baselevel” activationvaluesareused.

i Activationvaluesin ACT-R aresubjectto decayovertime. Consequentljt is possiblefor adestinatiorthathasbeertlookedat” veryrecently
but only once,to be moreactive thanonethathasbeenlookedata two or threetimesbut severalinteractionsback.
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joint actwity of the tasktowardits goals. Within the limited meansof its mediumfor interactingwith the user task
modeltracingdemonstratethattherequirementandcomputationahatureof suchcoordinationproblemscanindeed
be approachedhroughcarefultaskanalysis,cognitive modeling,andthe framavork of a theory of languageuseas
joint action.

4. CONCLUSIONS

Thehigh-level goal of this reporthasbeento raiseandexaminethe notion thathuman-computeinteractioncanand
shouldbe viewed asif it werea procesof languageause. Whenpeopledo thingstogethey they mustactnot only as
individuals,but alsoasparticipants.To accomplisheven the smallestof their social purposesthey mustfind a way
andagreeto coordinatetheir abilities. Eachpersons$ partin this procesds essentialandwhat emegesfrom their
cooperatioris notjustthesumof theirindividual efforts, but ajoint actionin which, for people notonly is something
donetogether but alsomeaningandunderstandingre conveyed and construed Meaningandunderstandingirethe
cognitive residue asit were,of suchjoint actions,andit is the accumulatiorof this in the form of commonground,
andthe cognitive skills thatallow peopleto useit, thatmakegpeopleslargerjoint actiities possible. Theway people
carryoutjoint actionsis theway languagés used.In anticipationof suchskills, mary of thefeaturesof joint actions
aresuperficiallyappropriatedn human-computenteractiondesigndecausehey arebothfamiliar andeasilygrasped
by usersandbecaus¢hey candemonstrablypromoteusability. But this samedesignstratgly canalsobethesourceof
aninterfaces usabilityproblemswvhenusersarecarelesslyedinto interactionghatimply aprograms communicatie
abilities are greaterthanthey are,or more commonly whenoneor more of the conditionspeopleordinarily try to
establishwhenthey enterinto joint actions—suctas a salientbasisfor what they are supposedo do or what the
programcanbeexpectedio do—haseenoverlookedin the design.While a computemprogramcanonly simulatethe
actionsof atrueparticipantn ajoint actity, it is neverthelessmportantthatdesignersiave athoroughunderstanding
of thefull natureof processn joint actionsif they areto bejustifiably usedandreliably modeledn userinterfaces.

Even more ambitiousthenis the impulseto simulatevariouscognitive abilities in programsand userinterfaces
with the aim of makingthem*“intelligent.” With this developmentprogramsgain the potentialto move muchcloser
to meetingthe ordinary expectationgeoplebring to their joint actiities with eachotherin face-to-facesettings.In
joint activities betweenpeople,individualslook for evidenceof andrely on eachother’s cognitive skills; in mary
respectsthis is oneof the mostfundamentatenetsof their commonground.Indeed whenever joint actionsbetween
peopleinvolve meaningandunderstandingparticipantsnecessarilycarry out subordinatgoint actionsin cognition.
Whena speakeor theinitiator of ajoint actionmeandor somethingo beunderstoodhe or shemustfirst determine
cognitively what that somethingis and how to signalit. By presentingsignals,the speaketthen makesan overt
proposalto the addresse@oncerningspecificactionsthey might carry out together To understandhe speakes
meaningand intentions,the addresseenustrespondfirst by identifying the presentationandthen by meetingthe
cognitive actionsbehindthe presentatiorwith a correspondingetof cognitive actionsin which he or sheconsiders
the speakes proposalby recognizingwhat hasbeensignaled. In prosecutingheir partsin thesejoint actionsin
cognition, the participantstacitly rely on a numberof elements—shareddases—intheir commonground,among
which aretheir mutualknowledgeof the signalsandsignsinvolved,their mutualassumptiorof eachother’s cognitive
processingkills andknowledgeof behaioral corventions,andtheirmutualawarenes®f theeventsleadingupto and
includingthe stateof their joint activity. And sincetheirjoint activity advanceghroughthe useof theiraccumulating
commonground,peoplemakea point of usinga relatedsetof cognitive skills to try to keeptrack of whateachother
is currently aware of. This thenis a shortlist of the cognitive abilities a programmustbe ableto simulateif it is
to interactwith its userson a cognitive level in a way thatis similar to how peoplecarry out joint actionswith each
otherin alanguagausesenself thethesisof this documents thata theoryof languageuseasaform of joint action
shouldsene asasetof first principlesfor thedesignof human-computeinteraction thenits principal corollary—and
the chief focusin the taskmodeltracingwork previously described—ighatin simulatingcognitionfor interactve
purposesit is hecessaryo computationallynodelthe interaction-relatedommongroundbetweenhe userandthe
system.

4.1 A Review of the Human-Computer Interaction DesignGoalsfor the Task Model Tracing System

In the task model tracing system,the goal hasbeento explore the possibilitiesand ramificationsof human-
computerinteractionon a cognitive level throughtwo theoreticalframewvorks: Clark’s (1996b)characterizatiorof
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languageuseasjoint action (the basisfor the precedingdiscussionand ACT-R, Andersons (1998) computational
theoryof humancognition. Respectiely, thesetwo frameworks,in concertwith anadhoc procesof taskanalysis,
have beenusedto identify the kinds of processesnd representationthe systemshouldpossessndto implement
thesecomponentgomputationally

On the basisof Clark’s work, it is claimedherethat human-computeinteractioncanbe usefully likenedto in-
teractionsbetweenpeoplethatare characteristiof their useof languag€(i.e., interactionghatrely on meaningand
understandingjn the following ways: computertaskscan be modeledasjoint activities betweenthe userandthe
computeyandindividualinteractionscanbe modeledasindividual joint actionsbetweerthe same.Ordinarily in the
designof softwareuserinterfacesthough,it is the nonreflive, self-directedcognitive componentf joint actions
that peopleareso naturallyadeptat carryingout that areabsentin the systems assessmertdf userinputsandin its
computationof responsesndaddressesin people,suchcognitive actsare carriedout in supportof their personal
representationsf their circumstancesind, particularlyin their joint actvities with others,in supportof their com-
mon ground—theknowledge beliefs,and suppositiongpeoplepresumeo sharewith eachotherabouta cooperatie
actvity. Indeed,the raisond’étrefor commongroundis the ability to carry out the signalingand recognitionac-
tionsthatarenecessaryor communication.Sincethis representatiomustcomefrom somevhere,for peopleit is a
perpetuallyaccumulatie process.In corventionaluserinterfacesthough,while an event-loopandall of its support
routinesmanifesthow a systermusests representationof its taskto respondo userinputs,thatrepresentatiorsomeof
whichis certainlyintendedto be oncommongroundwith theuser is functionallyinertunlessa facility for its growth
and/ordynamicconfigurationis incorporatednto the design. Given this languageuseanalysisof processandrep-
resentationathortcomingsn human-computeinteraction,it follows that a reasonabl@pproachto more cognizant
interactiondesigns(i.e., designsthat are betterableto leveragepeoples communicatie skills) canbe pursuedby
modelingtask-relateccommongroundasan accumulatie processarriedout by simulationsof the cognitive skills
neededo maintainanduseit. Hence this is the approachtakenin the taskmodeltracingsystem.In particular the
systems cognitive simulationtakesthe form of a taskmodelin which the systemmaintainsits own representation
of task-relatednattersand,asa conceptuakubseta sharedrepresentatiof the samethat constitutests common
groundwith theuser

Representationallgommongroundin thetaskmodelis modeledalongtwo dimensionsfirst, in termsof Clark’s
formal definition of commonground,which bearson how it is represented@animplementatiorissue),andsecondjn
termsof Clark’s characterizatiowf the threepartsof commongroundat ary moment,which bearson whatis repre-
sentedandhow it is used(anidentificationissue). Specifically commongroundis definedin termsof propositions
thataretakenby a communityto follow from sharedbaseghatareevidentto all. And atary moment,this body of
commongroundin ajoint actvity canbethoughtof asbeingmadeup of the joint activity’ sinitial commonground,
its currentstate andthe public eventsrelatedto the activity thathave takenplacesofar.

It is notgenerallypossiblefor oneparticipanto know or accuratelyinfer whatanotheknowsuntil it hassomehav
beenmadepublic betweernthetwo. As anaccumulatie procesghen,muchof commongroundmustbe established
interactively. In practicalterms,this meansthatthe systemmustbe ableto simulatecognitive processeshat alter
natively supportanduseits commongroundwith the user Theseprocessesyhich representhe systems cognitive
skills and abilities, can be identified in termsof the rolesthe systemassumess a participantin task-relatedoint
actionswith the user both addresseandpresenterin the taskmodeltracingsystemtheseprocessesrereferredto
respectiely asthe systems addresseéunctionandits presentatioriunctions,andeachis limited to processingask-
relatedmatters. The addresseéunction updateshe systems representatiomf commongroundby interpretingand
keepingtrack of thetask’s joint actionsandthetask’s status.The systems threepresentatioriunctionsarereferredto
separatehasits “reporting; “advising; and“doing” functions.Eachdrans onthesystemsrepresentationf thetask,
andhencets commonground,in orderto preseninformationto theuserthatis in turnintendedto supporthis or her
commongroundwith the system.Respectiely, thesefunctionssummarizehe statusof the task, maketask-related
recommendationgndcarry outrecommendedctionsfor theuser

The productof the cognitive processingarriedout by the systems$ addresseandpresentatioriunctionscanbest
be characterizedn termsof the threepartsof commonground. The systems initial commongroundwith the user
can be thoughtof asbeing representedn the designand implementationof the system$s componentssuchasits
point-and-clickinterface,its gameliketask,andthe format of its presentationsHowever, muchof this canalsobe
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characterizeanore pragmaticallyas potentialcommonground. Consequentlythe role of the addresseéunction as
it interpretsuserpresentationss to establishinitial andnew commonground. The latter takesthe form of a record
of the task—itspublic eventssofar. In addition, by keepingtrack of the statusof the task, the addresseéunction
maintainsa representationf the currentstateof thejoint activity. Theserepresentationsf the threepartsof common
ground,particularly therecordof eventsandthe statusof thetask,arethenusedin mixedfashionby the presentation
functions. The summaryof the statusof the taskgeneratedy the reportingfunction correspondso a recordof the
public eventsso far that, asmodeled arerelevant to the currentstatusof the task. Similarly, the recommendations
offeredby the advisoryfunction arepredicatedn the statusof the task. And, whenthe doing function carriesout a
specificrecommendatiofor theuser thesystenreliesonits currentrepresentationf commongroundto parameterize
theaction. Whenthe systempublicly carriesout taskrelatedactionsin this mannerit alsousests addresse&inction
to interpretandkeeptrack of the consequences.

The decisionto largely implementthe systems representationf commongroundandits simulationof the cog-
nitive processegsecessaryor its accumulationmaintenanceand usein the form of a cognitive modelin ACT-R
wasbasedprimarily on the premiseof anapparentomputationaktorrespondencelndeed,it may be that the cog-
nitive componentof joint actionscanbestbe characterizedn cognitive modelingterms, but much more studyis
warranted ComputationallyACT-R’s distinctionbetweerprocedurabnddeclaratve formsof memoryis well suited
for representingommongroundin formal terms. Both sharedbasesandthe propositionghey indicatearenaturally
modeledas chunksin the systems declaratve memory And productionrulesin the system$ proceduralmemory
naturallymodelinferences.Othercharacteristic®f the theoryalsoplay a role in the implementation—conflicsets
of productionrulesthat matchthe currentstatusof the task, for instance are usedto generatehe systems advisory
lists, andsubsymbolidearningis successfullyusedto represena limited form of salience Additionally, the runtime
methodologyof taskmodeltracing,itself, in which publicinteractioneventsare“traced”in themodel'srepresentation
of thetask,is derivedfrom intelligenttutoringresearcthin which ACT-R modelsareusedto guidestudentearning.

In summary task modeltracing demonstratetiow a simulationof interactive cognitive skills canbe usedin a
human-computeinteractiondesignto representask-relateccommongroundbetweernthe userandthe systemin its
userinterface.Of particularconcernin theeffort is theinterpretatiorof theapplicationtaskasa joint actiity between
the userand the systemin which individual interactionsare takento be joint actionsthat can be characterizeas
instance®f languagausein the sensameantby Clark. Specifically joint actionsin which meaningandunderstanding
play arole necessarilynvolve subordinatgoint actionsthat participantscarry outin cognition. The ultimategoalin
simulatingsuchcognitive processingis to betterleverageusers’inherentcognitively baseccommunicatie strengths.

4.2 Future Work and Acknowledgements

The notion in task modeltracing that a cognitive model canbe usedto simulatecognitive functionsin a user
interfacebegan naively as a solutionin searchof a problem. On its face, the idea appeargo be quite plausible,
but in practice,it hasprovento be riddled with difficulties, not the leastof which is that, despiteits mary great
strides,cognitive modelingis notan applieddisciplinebut anactive andmary threadedareaof researchn cognitive
science.ACT-R’s characterizatiomf the cognitive architecturds just one of a numberof competingtheories,each
with a differentsetof strengthsand weaknessesAmong the practicaldifficulties facedin taskmodeltracingare
problemsof scalability—modelingeven a portion of the missionplanningtaskhasprovedto be a highly difficult and
iterative procesdo getright—andrepresentationlt wasthe latter problemthatled to Clark’s work whenit became
apparenthata principledcharacterizatiomf interactionat the level of cognitionwasneededisa framework to guide
the identificationof the task model’s declaratve and proceduralelementsn the taskanalysisprocess. Far deeper
problems,suchas procedurallearningby example or analogyand the arbitrary representatiorof a task’s state—
currentareasf weaknessn ACT-R—have beenleft asconcerngo be addressedta latertime. Certainly oneof the
mostconspicuousleficienciesn the systemaspresenteds its lack of a workablesolutionto the problemof undoing
anaction.

Indeed,much remainsto be done. Recentarchitecturalrefinementdn ACT-R point to the needto revisit the
organizatioranddesignof thetaskmodelwith theaim of reconcilingthe modelwith new developmentsn thetheory
In addition, it will be valuableto develop interactive task modelsof commongroundin othertasksfor what can
be learnedaboutregularitiesin the process.Ongoingwork on collaborationin human-computeinteractionin the
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field of computationalinguistics (e.g., Traum, 1998) is actively concernedwvith modelsof commonground,and
muchof this materialremainsto be investigatedor whatit cancontributeto future taskmodeldesigns. Certainly
a more comprehensie theory of the computationakepresentatiorof salienceis needed. Empirical studiesof the
effectivenessof the presentatiorfunctionsusedin the task model tracing systemare clearly warranted,and other
interactionanddialoguemodelsfor establishinggommongroundshouldbeinvestigated Last, knowledgeelicitation
remainsa problemfor applicationprogrammingnterfacesfor purposef interactionwith cognitive simulations,in
partbecausef alack of representatiostandardsandmorework certainlycouldto bedonein this area.

As afinal note,despiteall difficulties, it is my corviction that much of the theoryunderpinningthe taskmodel
tracingwork presentedn this reportis fundamentallysound.Contemporangoftwareuserinterfaceglacetheuserin
aface-to-facesettingin which task-relatednteractionsaneasilyandcorvincingly be characterize@sjoint projects,
especiallywhenthe increasinglysubstantiatomputationapower behindthemis takeninto account.If the notion of
asystems$ usabilityis a measureof how well its designaccommodatethe users humanstrengthsthensurelyfuture
interactiondesignawill bekeenlyconcernedvith system-lgel modelsof interactionin cognition.

This work wassupporteddy the Office of Naval Researchl would alsolike to offer my deepesthanksto James
Ballas,HelenGigley, JohnSibert,WayneGray, DianneMartin, andGreg Traftonfor theirinputandencouragement.
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